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Abstract

Submarine landslides and debris flows are widely distributed in modern and ancient
deep-water sedimentary basins, and can damage marine infrastructures and generate
destructive tsunamis. However, the mechanisms that initiate slope failures and
facilitate long runout of flows on gentle slopes remain poorly understand. This thesis
integrates seismic reflection data and cores from Exmouth Plateau, offshore NW
Australia, with subaqueous granular-flow experiments, to investigate flow-substrate

interactions that account for submarine failure initiation and flow evolution processes.

The results show that large-scale submarine landslides on gentle carbonate slopes
are fundamentally governed by sediment composition. Clay-capped foraminifera-rich
successions lead to excess water preservation within chambered foraminifera shells,
causing the formation of weak layers. Under contractive shearing, basal weak layers
release pore water through crushing of foram shells, causing elevated pore pressure
and generating a lubrication layer that facilitates runout of the overriding slide. The
study demonstrates that submarine debris flows can become self-confined through a
combination of lateral depositional relief and substrate incision. The self-confining
process establishes a positive feedback, in which flow confinement drives substrate
incision that in turn increases flow confinement, thereby lengthening flow runout

distances even on gentle slopes.

Experimental subaqueous granular flows form coarse-enriched lateral levees and
fines-enriched conduit deposits through particle segregation, like their subaerial
counterparts, but are more mobile due to interstitial fluids. In subaqueous multiple-flow
experiments, the presence of lateral levees increases the velocity of subsequent flows.
This results in substrate erosion and downslope particle remobilisation that increases

the flow volume, substrate incision, flow confinement, and runout distance.

Together, these findings provide a new process-based model for how subaqueous
landslides initiate, evolve, and reach long runout distances even on gentle slopes. This
thesis highlights the importance of dynamic flow-substrate interactions (i.e., lubrication,
deposition, or erosion), with implications for elucidating flow dynamics and

sedimentary processes and assessing submarine geohazards.
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underlying weak layer leads to a water -rich layer, or water film, forming
that lubricates the base of the landslide. (B -iii) The landslide bulks up
through bulldozing and weakening the substrate through distributive
shearing ahead of the landslide (modified from Hodgson et al., 2019).
These processes lead to contractive shearing at, and ahead o f, the flow
front, continuously forming the water  -rich layer. wt% in Figure 4 -9B is
the water content percentage. BSZ in Figure 4 -9A and Figure 4 -9B-ii is
the basal shear zone, consisting of the underlying weak layer and the
basal shear surface. Red half -side arrows in Figure 4 -9B-ii and -iii
indicate the shear strength. ... 78

Figure 5-1: (A) Location map of the study area offshore NW Australia,
incorporating key geomorphological features. The study area is outlined
by red polygons. Black polygons mark the location of submarine
landslides, and their fill colour corresponds to th e burial depth of these
slides; white = seafloor exposed, light grey = shallow burial (<100 mbsf),
and dark grey = deep burial (~120 mbsf). Submarine landslide locations
come from Scarselli et al. (2013, 2020) and Wu et al. (2023). The basemap
is seafloor bathymetry data from the General Bathymetric Chart of the
Oceans (GEBCO, https://www.gebco.net/data -products/gridded -
bathymetry -data). Inset shows the location of the study area within
Australia (AUS). (B) Perspective view of the seafloor, showing the
dist ribution of submarine landslides within the Bonaventure 3D and
Thebe 3D seismic reflection data. Vertical exaggeration (VE) is 8:1. The
dashed lines with different colours indicate the boundaries of submarine
landslides (Slide 5 to Slide 13). Black arrows on Slide 9 indicate the

direction of Slide 9. The location of the seafloor shown in Figure 5 -1B
corresponds to the red polygons on Figure 5  -1A. Green arrow points
N[ 1 1P 86
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Figure 5-2: (A) Plan -view of the basal shear surface of Slide 9, showing the
circular geomorphology of the headwall region, the lobate boundaries,
and the presence of a diapir on the pathway. The thick, white, lines with
numbers (1 to 5) on Figure 5 -2A ind icate the locations of the topographic
profiles shown in Figure 5 -7. (B) NE-SW trending seismic section, and (C)
SE-NW trending seismic section in the headwall region, showing the
stepped headwall scarps and stacked debrites. (D) NE -SW trending
seismic sec tion in the downstream area, showing the relief on the lateral
margins, the axial -ward deepening of the basal shear surface, the
megaclasts (~130 m wide and 40 m thick), and the grooves (~130 wide
and 15 m deep) developed on the basal shear surface. Note, the green
dashed lines mark the top surface (TS) of Slide 9, the yellow lines
represent the basal shear surface (BSS) of Slide 9. The red horizontal
arrows with black outlines on these seismic sections highlight substrate
truncations. Locations of sections 2B, 2C and 2D are shown in Figure
5-2A. Vertical exaggeration (VE) iS 8:1. ..o, 88

Figure 5 -3: (A) Perspective view of the basal shear surface of Slide 9, showing
the distribution of grooves. (B) Perspective view of the top surface of
Slide 9, showing areas of prominent local relief ( ca. 10-25 m). (C)
Perspective view of the variance map (~10 ms below the top surface),
highlighting the distribution of megaclasts. (D) A SE -NW trending
seismic section along the central axis of Slide 9. Light grey vertical lines
in section indicate a change in the orientation of the section. Location of
section 3D is shown in Figure 5 -3A, Figure 5 -3B and Figure 5 -3C, and
corresponds to the downstream part of the seismic section in Figure
5-4A. (E) Enlarged view of the upstream part of the top surface,
emph asising the depositional boundary, the local depression and the
boundaries of debrite lobes. (F) AE -W trending two -dimensional seismic
section, displaying the distal extent of debrite beyond the 3D dataset
region. Location of section 3F is shown in Figure 5-1A. Note that, the
lobate margins in Figure 5 -3Ato Figure 5 -3C and Figure 5 -3E are outlined
by black dashed lines. Green arrow in Figure 5 -3A to Figure 5 -3C and
Figure 5 -3E points North. The green dashed lines on sections 3D and 3F
mark the top surface (TS) of the debrite, the yellow lines on sections 3D
and 3F represent the basal shear surface (BSS) of the debrite. sections
3D and 3F are at the same scale, with vertical exaggeration (VE) of 8:1.
............................................................................................................ 90
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Figure 5 -4: (A) Three -dimensional model, showing the topography of the top
surface of the debrite and a SE -NW trending seismic section along the
central axis. The top surface (TS) in Figure 5 -4A represents a
stratigraphic horizon that includes the top of t he debrite but also extends
across areas without debrite. It corresponds to the green dashed line on
the seismic profiles in Figure 5 -4B and Figure 5 -4C. (B) Enlarged view of
the seismic section in the headwall region, showing stacked debrites
and the head wall scarp. (C) Enlarged view of the seismic section across
the localised depression, illustrating the variations in debrite thickness.

(D) Topographic profile of the seismic section, illustrating headwall
sediment evacuation and downstream deposition. The red line and black
line in Figure 5 -4D represents the topography of the basal shear surface
(BSS) and the TS, respectively. the light grey dashed line in Figure 5 -4D
indicates the reconstructed pre  -failure surface, obtained by interpolating
the youngest i ncised reflector. The light - and dark - grey shading in
Figure 5 -4D indicates the sediment loss in the headwall region and the
sediment accumulation in the deposition zone, respectively. The yellow

lines on sections 4A -4C represent the BSS. Light grey verti cal lines in
section 4C indicate an ~120° and ~160° change in the orientation of the
section, respectively. Locations of sections 4A are shown in Figure 5 -2A.
Location of sections 4B is shown in Figure 5  -4A. Location of section 4C
is shown in Figure 5 -3D and Figure 5 -4A. Vertical exaggeration (VE) of
sections 4A, 4B and 4C iS 8:1.  .ooiiiiiiiiiiiiiiiiiieiieeeeeeee e 92

Figure 5-5: (A) Dip angle map of the basal shear surface, showing the
variation in gradient of the basal shear surface, the distribution of
grooves, and the boundaries of individual debrite lobes. (B) Thickness
map of Slide 9, showing the spatial distribut  ion of debrite thickness. Note,
coloured dashed lines outline and distinguish individual debrite lobes.

Red arrows indicate local collapse. The white, thick lines numbered 1 -5
on Figure 5 -5A and the black lines numbered 1 -5 on Figure 5 -5B indicate
the loca tions of the topographic sections shown in Figure 5 -7....95

Figure 5-6: Mapping of debrite lobes, showing the geomorphology of
individual debrite lobe (Lobes 1 -8) and their progressive evolution. The
grey lines along the central axis indicate the length (L) of the lobes, and
the grey lines perpendicular to the cent  ral axis show lobe width (W). L:W
is the length -to-width ratio of each lobe, though note that these are
minimum values as lengths may be longer; dashed lines at the ends of
the mapped lobes indicate that the lobes may extend further. Red arrows
mark the de flection of Lobe 3. ... 96
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Figure 5-7: A series of cross -sections (profiles 1 -5), showing the topography
of the basal shear surface and the top surface, and illustrating
downstream variations in the depth of substrate incision and the
gradient of the basal shear surface. The profile s reveal the channel -like
morphology of the basal shear surface. Red lines represent the
topography of the basal shear surface, black lines correspond to the
topography of the top surface, and grey lines represent the topography
of the original strata. Out er vertical black arrows show the maximum
depth of substrate incision, and the inner vertical black arrows show the
thickness of debrites. Coloured bars at the base of each section identify
the locations of the basal shear surface and the top surface for t he
corresponding lobe. L1 -L8 signify Lobe 1 to Lobe 8. The locations of
profiles 1 -5 are shown in Figure 5 -2A and Figure 5 -5.................... 98

Figure 5-8: (A) Sketch map showing the distribution and orientation of two
types of grooves (i.e., Type | and Type 2) on the basal shear surface,
reflecting the lobate distribution of the debrite (Slide 9). Plan view of the
basal shear surface in the middl e (B) and downstream (C) areas, showing
the distribution of three sets of Type 2 grooves and the lobate
distribution of debrites. The variance maps at 1780 ms (D) and 1980 ms
(E), show the spatio -temporal correlation between Type 2 grooves and
megaclasts. Note that four sets of grooves are shown in Figure 5 -8,
including Type 1 grooves (downstream type) labelled by black lines in
Figure 5-8A, and three sets of Type 2 grooves on the lateral margins.
Type 2 groove sets consist of those on the southeast side in the updip
part of the debrite (Set 1, labelled by red lines in Figure5  -8A, and labelled
by white lines in Figure 5 -8B), the grooves on the northwest side
downdip (Set 2, labelled by blue lines in Figure 5 -8A and Figure 5 -8C)
and the one on the northwest  side downdip (Set 3, labelled by green lines
in Figure 5 -8A and Figure 5 -8C). The location of Figure 5 -8B and Figure
5-8C are shown in Figure 5 -2A, Figure 5 -3A and Figure 5 -8A. The line for
Figure 5-11A and the location for Figure 5 -12A are partly visible in Figure
5-8B due to figure extent; the full line for Figure 5  -11Ais shown in Figure
5-2A, and the full location for Figure 5 -12A is shown in Figure 5 -2A,
Figure 5-3A and Figure 5 -8A. ... 102

Figure 5-9: (A) Violin plots showing the length distribution in respect to each
groove type and set. The width of each individual plot represents the
density of length, while the central vertical grey box and whiskers
display the interquartile range and overall spr  ead of the length. Black
short horizon lines in violin plots show the mean value of groove length.
Lower capital n means the number of grooves. (B) Rose diagrams
showing the orientation of grooves. Note that four sets of grooves are
shown in Figure 5 -9, including Type 1 grooves (downstream type)
labelled in grey, and three sets of Type 2 grooves on the lateral margins ,
including those on the southeast side in the updip part of the debrite (Set
1, labelled by red lines in Figure 5 -9), the grooves on the nort hwest side
downdip (Set 2, labelled by blue lines in Figure 5  -9) and the one on the
northwest side downdip (Set 3, labelled by green lines in Figure 5 -9).
.......................................................................................................... 103



Figure 5-10: (A) SE-NE seismic section in the upstream area, showing the
cross -cutting (Type 2) area, the progressive axial -ward narrowing of
debrite lobes (Lobes 3 -8), the stepped basal shear and substrate
incisions. (B) SE -NW seismic section adjacentto the diapir, showing the
cross -cutting (Type 2) area, the truncation of pre  -existing lobes (Lobes
3 and 4) by the localised collapse. Note that the dotted lines with different

colours indicate the boundaries of debrite lobes (Lobes 3 -4), the white
short das hed lines on section 5 -10A reflect the location of the cross -
cutting area, the white long dashed lines on section 5 -10B reflect the

location of the local depression, and the black dotted lines outline the
boundaries of Slide 8. The red horizontal arrows wi  th black outlines
show substrate incisions. Vertical exaggeration (VE) is 8:1. The location
of the sections in Figure 5 -10A and Figure 5 -11B are shown in Figure
5-2A, Figure 5-5and Figure 5 -8B. ........cccoiiiriiiiiiiic e 104

Figure 5-11: (A) NE-SW seismic section, showing diapirs in the northeast and
southwest, the stepped basal shear surface that narrows toward central
axis, and the confinement of the debris flow by the diapirs. (B) SE -NW
seismic section adjacent to the SW di  apir, showing increasing substrate
incision and progressive deepening of basal shear surface on an
obliquely cutting line from the flank towards the central axis near the
diapir. Note, yellow dotted lines represent the basal shear surface of the
debrites ( Slide 9), the green dotted line marks the top surface of the
debrites, and black dotted lines outline the boundaries of Slide 8. The
red horizontal arrows show substrate truncations. In Figure 5 -11A, the
vertical white arrows show the depth of substrate in cision, and the
vertical black line indicates the depth of seabed expression of the diapir
in the SW. The vertical black lines in Figure 5 -11B show the depth of
substrate incision. The location of sections is shown in Figure 5 -2A,
Figure 5 -5 and Figure 5 -8B. Vertical exaggeration (VE) is 8:1. ....106

Figure 5-12: (A) Plan view of the basal shear surface adjacent to the diapir,
demonstrating the location of knickpoints and the spatial extent (black
line) of where remobilised Lobe 4 is eroded by remobilised Lobe 3. (B) A
E-W crosscutting section, showing the remobilised Lobe 3 incising into
remobilised Lobe 4. (C) AE -W section crosscutting the knickpoint. Note,
yellow dotted lines in Fi gure 5-12B and Figure 5 -12C represent the basal
shear surface of the debrites (Slide 9), the green dotted line in Figure
5-12B and Figure 5 -12C marks the top surface of the debrites, and black
dotted lines outline in Figure 5 -12A the boundaries of Slide 8. The red
horizontal arrows show substrate truncations. The location for Figure
5-12A is shown in Figure 5 -2A, Figure 5-3A and Figure 5 -8A. The
locations of sections 5 -12B and 5-12C are shown in Figure 5 -8B and
Figure 5-12A. Vertical exaggeration (VE) is8: 1.....cccccoeevviiiiiiennnns 107
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Figure 5-13: Conceptual model illustrating the progradational evolution of
debrite lobes, the stepped axial -ward narrowing of the basal shear
surface, the retrogressive headwall development, and the formation of
Type 1 (downstream) and Type 2 (cross -cuttin g) grooves. The
progradational evolution of debrite lobes is divided into two stages: (A -
C) a self-confining stage on a gentle slope, and (D  -G) a diapir enhanced
self -confinement stage. Inset profiles reflect the progressive axial -ward
deepening and narrow ing of the basal shear surface during the evolution
of the system. In the inset profiles, red curves represent the topography
of the basal shear surface, and grey dashed lines indicate the
topography of the original strata before failure. Thin black lines mark the
Type 1 grooves. The grey dashed lines in the headwall region indicate
the headwall steps formed during retrogressive headwall evolution. The
black dashed lines at the ends of the mapped lobes indicate that the
lobes may extend further. ..., 112

Figure 5-14: Conceptual model illustrating the remobilisation of lobes.
Remobilisation of Lobe 8 is followed by the remobilisation of Lobes 4
then Lobe 3. Thin black lines mark the Type 1 grooves, and coloured thin
lines mark the Type 2 grooves, including Set 1 grooves (shown as red
thin line), Set 2 grooves (shown as blue thin line), and Set 3 grooves
(shown as green lines). The grey areas indicated the location of
remMODIlISALION.  ..ueeeiee e 115

Figure 6 -1 (A) Experimental setup, showing a water -filled tank and an inset
ramp. (B) Outline of the roughened ramp with scale and locations of 8
ground control points. The ramp was roughened using blue, close -
packed, fixed, coarse spherical ballotini (0.7  5-1 mm diameter). (C) Grain -
size distributions of the ballotini and carborundum, used in the
experimental mixtures. (D) Perspective view of a digital elevation model,
illustrating a subaqueous self -confining granular -flow deposits from a
mixture containing 20 vol.% fines. The 20 vol.% fines mixture underwent
particle segregation, forming coarse -grained levees, fine -grained
conduit deposits, and a bulbous flow front. White particles are fine -
grained spherical ballotini (150 -250 & m) and bl acke particl
medium -grained angular carborundum (300 -425 & m) . Note that t
vol.% fines mixture experienced issues with jamming at the outlet valve,
resulting in partial release of the mixture. Therefore, the main
experimental results focus on mixtures containing 30-100 vol.% fines.
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Figure 6 -2: Top view of a single subaqueous flow containing 30 vol.% fines,
illustrating the evolution of self  -channelisation through five phases: (A)
flow initiation phase (0-35 s), (B) levee formation phase (36 -69 s), (C)
source mixture cessation phase (70 s), (D) levee sharpening phase (70 -
299 s), and (E) upslope throughput material phase (300 s). White particles
are fine -grained spherical ballotini (150 -250 & m) , @artitleskale a c k
the medium -grained angular carborundum (300 -425 & m) . During st
discharge, switching between coarser black grains and finer white
grains enabled the visual identification of levee initiation and growth.
.......................................................................................................... 127

Figure 6 -3: Deposits of subaqueous self -confining granular flows with initial
fines proportions ranging from 30 to 100 vol.% at 10 vol.% intervals. With
the exception of the 100 vol.% fines case, the deposits of all other flows
exhibit black, coarse -grained levees and white, fine -grained conduit
deposits. The thin white lines mark the locations of the maximum deposit
widths Shown in FIQUre 6 -BA. ... 128

Figure 6-4: Deposits from repeat runs of the subaqueous single -flow
experiments, with initial fines proportions ranging from 30 to 90 vol.% at
10 vol.% intervals. These deposits are comparable to the deposits shown
in Figure 6 -3, characterised by black coa rser-grained levees and white
finer -grained conduit dEPOSItS.  ....coieieieiiiiiiicee e 129

Figure 6-5: Variations in flow characteristics with the fines fraction of
mixtures ranging from 30to 100 vol.% at 10 vol.% intervals. (A) Maximum
flow width plotted as a function of fines fraction. Red dots represent
measured data from the subaqueous single -flow deposits shown in
Figure 6 -3, and squares correspond to referenced widths of equivalent
subaerial single -flow deposits from Kokelaar et al. (2014). The red
straight line represents the trend line for the subaqueous experiment
runs, and the black straight line represents the trend line for the
maximum width of the equivalent subaerial single -flow de posits. (B)
Flow runout distances as a function of time for mixtures with differing
fines fractions. Empty circles represent measured runout distances of
subaqueous single flows shown in Figure 6 -3, and the gradient of each
measured data curve reflects flo w velocity. Coloured lines represent the
corresponding trend lines fitted to the measured data. The deviations
between the measured data and the trend lines reflecting local
fluctuations in flow head velocity.  .......ccccviiiiiiiiiiiiis 130

Figure 6 -6: (A) Maximum deposit width of subaqueous single granular flows,
plotted as a function of initial fines fraction. Grey dots show the
maximum deposit width data from Figure 6 -5A, and the crosses

represent the maximum deposit width from repeat runs of the single -flow
experiments. (B) Runout distance of the single flows shown in Figure 6 -3.
(C) Runout distance of the repeat runs of the single  -flow experiments
SHOWN IN FIQUIE 6 =4 ..oeeiieii e e 131
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Figure 6-7: Digital elevation models (DEMs) of subaqueous single -flow
experiments with (A) 30, (B) 50 and (C) 70 vol.% fines. Corresponding
cross -section profiles (profile 1 -5) include four fixed downstream
positions at 25, 50, 75 and 100 cm, and an additi onal profile at the
location of maximum levee thickness. All DEMs in Figure 6 -7 are
displayed using the same thickness scales, and all profiles in Figure 6 -7
are plotted using the same horizonal and vertical scales. These profiles
illustrate downstream var iations in deposit thickness. The prominent
asymmetric relief on the profiles corresponds to lateral levees, and the
central areas between the lateral relief represent conduit deposits. The
locations of the DEMs correspond to the single  -flow deposits (30, 50 and
70 vol.%) in Figure 6 -3. These profiles are derived from DEMs with a
resolution of 0.2 mm. The DEMs in Figure 6 -7A to C are presented using
the same units and scales. Note, several localised photogrammetric
reconstruction errors are present in the D  EMs of the single 50 and 70
vol.% fines experiments (Figure 6 -7B and Figure 6 -7C). These errors
occur in area where local image coverage and overlap were insufficient
during image acquisition, resulting a lower density of matched points
and poor constraint s on the reconstructed surface elevation.
Comparison with the original photographs and inspection of the
reconstructed point cloud confirmed that these irregular patches are
reconstruction artefacts. The artefact -affected areas were excluded from
profile e xtraction and quantitative interpretation.  .............c.......... 135

Figure 6-8: Grain-size distributions (GSDs) of subaqueous single  -flow
experiments with 30, 50 and 70 vol.% fines, showing the enrichment of
coarse particles in lateral levees and the enrichment of fine particles in
conduit deposits at downstream distances of 25 cm and 50 cm. The light
curves (i.e., light red and light black) represent the referenced GSDs of
ballotini and carborundum, respectively. The coloured curves show the
GSDs of the left levee (marked in green), the central conduit deposits
(marked in red), and the right levee (marked in blue). ................ 136

Figure 6 -9: Evolution of Run 2 in subaqueous multiple  -flow experiments with
30 vol.% fines, showing the process of flow expansion, particle
remobilization and levee re -formation. (A) Flow initiation statge, with Run
2 following the pre -formed conduit from Run 1. (B) Flow transporte stage.
(C) Mixture cessation stage, with the flow tranporting downslope to a
narrower pre -formed conduit and undergoing pronounced lateral
expansion. (D) Sediment throughput stage, with levee sharpening. (E)
Run 2 extends beyond the pre -formed conduit, and the flow head
develops a bulbous morphology. (F) Further levee sharpening, and (E)
fine -enriched condui t deposited exposed. .......ccccoovevviiiiiiieeiinnnnnn. 139

Figure 6 -10: Top views of subaqueous multiple  -flow deposits with (A) 30, (B)
50 and (C) 70 vol.% fines, showing the evolution of the deposits from
Run 1 to Run 6. Run 2 of the subaqueous 30 fines multiple  -flow deposits
corresponds to the deposits shown in Figure 6-9G. The DEMs of
subaqueous multiple -flow deposits after six runs are shown in Figure
B3, 140



Figure 6 -11: Runout distance versus time curves for successive subaqueous
granular flows, with (A) 30, (B) 50 and (C) 70 vol.% fines. Empty circles
represent measured runout data from Run 1 to Run 6, with the slope of
each measured data sequence correspond ing to the flow velocity. The
gradient of each measured data curve reflects flow velocity. Coloured
lines represent the trend lines simulated from the corresponding
measured data. The deviations between the measured data and the trend
lines reflecting loca | fluctuations in flow head velocity.  ............. 143

Figure 6 -12: Deposit width versus successive experimental runs (i.e., Run 1
to Run 6) with (A) 30, (B) 50 and (C) 70 vol.% fines, measured at
downstream locations of 25, 50, 75 and 100 cm. .......cccceevvvinnnnnnn. 144

Figure 6 -13: Digital elevation models (DEMs) of multiple  -flow deposits (after
six runs), with (A) 30, (B) 50 and (C) 70 vol.% fines. Their corresponding
cross -section profiles (profile 1  -4) are measured at 25, 50, 75 and 100 cm,
respectively, illustrating  the downstream variation in deposit thickness.
The prominent asymmetric relief on the profiles corresponds to levees,
and the middle regions between the lateral relief represent conduit
deposits. The DEMs correspond to the Run 6 deposits in Figure 6 -10.
These profiles (profile 1 -4) are derived from DEMs, with a resolution of
0.2 mm for subaqueous multiple -flow deposits. ........cccccvvvvnnnnn.n. 145

Figure 6 -14: Grain -size distribution of subagueous multiple flow deposits
(after six experimental runs) with varying initial fines fraction (30, 50 and
70 vol.%), showing the enrichment of coarse particles in lateral levees
and the enrichment of fine parti cles in conduit deposits at downstream
distances of 25 cm and 50 cm. The light curves (i.e., light red and light
black) represent the referenced GSDs of ballotini and carborundum,
respectively. The coloured curves show the GSDs of the left levee
(marked in green), the central conduit deposits (marked in red), and the
right levee (marked in blue). ..., 146

Figure 6 -15: Composition analysis of subaqueous (A) single -flow deposits
and (B) multiple -flow deposits (after six runs) with varying initial fines
fraction (30, 50 and 70 vol.%), measured at downstream locations of 25
and 50 cm. The figure illustrates the downstream variation in
composition of levee (circles) and conduit (squares) deposits. The two
ends of each error bar represent the fines percentage in the left and the
right levee deposits. The red square corresponds to the average fines
percentage of th e left and right levees. ........cccccoiiiiiiiiiiiieeeinn, 147

Figure 6 -16: Sphericity analysis of subaqueous (A)  single -flow deposits and
(B) multiple -flow deposits (after six runs) with varying initial fines
fraction (30, 50 and 70 vol.%), measured at downstream locations of 25
and 50 cm. The figure illustrates the downstream variations in sphericity
of levee and co nduit deposits, as well as the sphericity comparison
between multiple - and single -flow deposits. .........ccccceiiiiin. 148
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Figure 6 -17: Cross -section profiles of subaqueous single - and multiple -flow
deposits (after six experimental runs) with varying fines fraction,
measured at downstream location of 25, 50, 75 and 100 cm, illustrating
the downstream variation in deposit thick ness. The prominent
asymmetric relief on the profiles corresponds to levees, and the middle
regions between the lateral relief represent conduit deposits. Net erosion
area (E) of the profiles correspond to the area of single -flow deposits
that was net erod ed by successive flows, marked by dark grey shadow
area in Figure 6 -13A. Net deposition area (D) of profiles correspond to
the additional net depositional area of successive  -flow deposits relative
to the single -flow deposits, marked by the dark red shadow area in
Figure 6 -13A. Thus, the net variance of successive profile relative to
single profile = net deposition area (D) - net erosion area (E). A positive
value indicates net deposition by the successive flows relative to the
single -flow deposits, while a negative value indicates net erosion. The
locations of single -flow deposit profiles are outlined in Figure 6 -7, and
the successive -flow deposits are shown in Figure 6 -13. These profiles
are derived from DEMs with a resolution of 0.2 mm.  ................... 150

Figure 6 -18 Net profile change of subaqueous multiple  -flow deposits (after six
runs) relative to equivalent single -flow deposits with varying fines
fraction (30, 50 and 70 vol.%), measured at downslope locations of 25,

50, 75 and 100 cm. The figure illustr ates the erosion and deposition
changes downslope. Net profile change is calculated as the variance of
profile of multiple -flow deposits relative to single -flow profile = net
deposition area (D) - net erosion area (E), as shown in Figure 6 -17. A
positive v alue of net profile change indicates net deposition after
successive flows, while a negative value indicates net erosion relative to

the single -flow depoSItS. .........eeeiiiiiiiiiiiiiiiiiiiiiiee e 151

Figure 6 -19: Schematic upslope cross -section of (A) the single -flow deposit,
and (B) the multiple -flow deposits. The composite deposit of multiple
flows results in thinner levees with a lower coarse percentage than in the
single flow, albeit they remain coarse -enriched. The conduit depo sit
thickens, with a lower fines percentage than in the single flow deposits.

The lateral expansion of the deposit decrease during successive events.
The light grey dashed lines in Figure 6  -19B represents the deposits from
the initial flow (i.e., single fl ow deposit), and the dark grey dashed line in
Figure 6 -19B represent intermediate flow deposits. Light circle marks the
finer, higher sphericity particles, and the dark pentagons mark the
coarser, lower sphericity particles. ..o, 157

Figure 7 -1: Schematic diagram showing the linkages between the research
guestions posed, and the different methods used in this thesis. 161
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Figure 7-2: (A) The seabed map, showing the seabed expression of the
headwall of Slide 9 and the pockmarks near the headwall region of the
Slide 9; (B) The variance map (T= 1470 ms), showing the gas charged
structure, and the blocky area near the headwall of Slide 9. (C) E-W
seismic section, showing Slide 9 (failure region), the blocky area
(potential failure region), and the gas charged area (potential blocky
region). The location of Section 7 -2C is shown in Figure 7 -2A and Figure
Y TR PPREPRR 165

Figure 7 -3: E-W seismic section, showing Slide 9, the pockmarks, and the
interpretation of the stratigraphy system, the stratigraphic units and the
petroleum system elements. The correlation with stratigraphy system
and the interpretation of petroleum syst em elements are modified from
Paganoni et al. (2019). The correlation with stratigraphic units is modified
from von Rad et al. (1992). GHSZ = gas hydrate stability zone. FGZ = free
gas zone. DR = Deep reservoirs. The location of Section 7 -3 is shown in
Figure 7-2A and FIQUIre 7 -2B. ......ccoooiiiiiiieeeeece e 167

Figure 7 -4: The 3D view of the basal shear surface of Slide 8, showing the
stepped headwall and lateral margins, and the location of ODP Site 762
used in Chapter 4. The green arrow indicates the north direction. The
black arrows indicate the sliding direct  ion of Slide 8. ................. 170

Figure 7 -5: Conceptual model showing the evolution of self -confinement in
subaqueous settings, including (A) initial unconfined flows, (B) the
development of self -confinement through depositional relief and
substrate incision, (C) positive feedback between flow confinement and
substrate incision, leading to the development of stepped basal shear
surface, and (D) enhanced flow mobility and increasing substrate
1L 0T = Ui [0 o 1R PP PPPPPP 173

Figure 7 -6: Variance maps at (A) 1416 ms, (B) 1437 ms, and (C) 1470 ms
adjacent to the headwall region of Slide 9 on Exmouth Plateau, offshore
NW Australia, demonstrating the blocky fluid  -related structures in the
gas-bearing succession and the adjacent bl ock area. The locations of
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Chapter 1 Introduction

Submarine mass gravity flows encompass a spectrum of slope failure processes,
including creep, slide, slump, debris flow and associated turbidity currents (Nemec,
1990; Shanmugam et al., 1994; Posamentier and Martinsen, 2011). Creep refers to
slow downslope deformation involving intergranular frictional sliding with quasi-static
grain contracts, slide is coherent mass with minor internal deformation, slump is
coherent mass with considerable internal deformation, debris flow is characterised by
fully disaggregated sediments and turbidity current is featured by non-cohesive
turbulent flow (Nemec, 1990; Haughton et al., 2009; Hodgson et al., 2026). During the
evolution of the processes, mass disaggregation and lateral displacement increase
(Hampton et al., 1996; Moscardelli and Wood, 2008; Wu et al., 2021; Hodgson et al.,
2026). When a submarine landslide occurs, material is transported from the upstream
headwall domain to the downstream toe domain, leading to the formation of extensive
headwall scarps, and compressive structures (e.g., thrusts and folds) in the toewall
(Bull et al., 2009; Carter et al., 2020).

Submarine landslides are widely distributed in modern and ancient deep-water
sedimentary basins (Masson et al., 2006; Moscardelli and Wood, 2008). They can
damage marine infrastructures (e.g., seafloor cable networks) and generate
destructive tsunamis, hence posing a threat to coastal communities (Piper et al, 1999;
Fine et al.,, 2005; lkehara et al., 2014; White et al.,, 2016; Mulia et al., 2020).
Catastrophic mass movement events were initially thought to be prevalent on steep
(commonly >5°, locally up to 10~15°) slopes, such as in canyon heads and delta fronts
(Shepard, 1955; Moore, 1961; Hampton et al., 1996). Subsequent studies have
demonstrated that large-scale (>10% km?) submarine landslides may occur on very
gentle slopes (<2°), such as the Storegga landslide and the Triinadjupet Slide on the
Norwegian margin (~1°; Laberg and Vorren, 2000; Haflidason et al., 2004; Kvalstad et
al., 2005), and the Sahara Slide and Agadir Slide on the NW African continental margin
(<1°; Embley, 1982; Krastel et al., 2019). Although much prior focus has been on
siliciclastic-dominated slopes, carbonate landslides are also known to be very
widespread (e.g., Berger and Johnson, 1976; Mosher et al., 1993; Puga-Bernabéu et
al., 2011, 2020; Hengesh et al., 2013; Liudmann et al., 2022; Nugraha et al., 2022; Wu
et al., 2023), yet the understanding of these is comparably poor.
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Recent studies have shown that the formation of submarine landslides can be

controlled by the presence of laterally extensive weak layers in the slope stratigraphy

(e.g.,Berndtetal.,2012;L 6 Heur eux et al ., 2AJdauRetal. 2@ls at et

Elger et al.,, 2018; Krastel et al.,, 2019). Weak layers can generate excess pore
pressure and cause transiently reduced shear strength, leading to decreased frictional
resistance to sliding (Laberg and Vorren, 2000; Trincardi et al., 2004; Masson et al.,
2006; Urlaub et al., 2018; Sammartini et al., 2021; Gatter et al., 2021; Li et al., 2025).
The formation and evolution processes of weak layers are closely related to the
contrasts in sediment physical properties, particularly compressibility, permeability
and shear strength, which control the pre-requisite conditions before failure (L 6 He u
et al., 2012; Locat et al., 2014; Madhusudhan et al., 2017; Urlaub et al., 2018, 2020;
Gatter et al., 2020; Gatter et al., 2021).

Flow mobility can be substantially enhanced by lateral confinement that restricts flow
spreading, maintains flow thickness and sustains flow momentum downslope, thereby
facilitating longer runout distances. In submarine environments, confinement is
commonly imposed by pre-existing seafloor topography, including submarine canyon
and channel systems (Talling et al., 2013; Krastel et al., 2016; Bottner et al., 2024;
McArthur et al., 2024), pre-existing deposits (e.g., mass-transport deposits and
channel-levee systems; Ward et al., 2018; Nwoko et al., 2020a, 2020b), and basin
margins, structural topography and escarpments (Gee et al., 2001; Ortiz-Karpf et al.,
2018; Li et al., 2020). Topographic confinement can control flow routing pathways
(Talling et al., 2013; Krastel et al., 2016; McArthur et al., 2024), and has been shown
to enhance erosive capacity, deepen basal shear surfaces, and promote sediment

transport into deep basins (Bottner et al., 2024).

Field observations and experimental results of subaerial debris flows show that debris
flows can self-confine through formation of lateral levees (Kokelaar et al., 2014).
Depositional relief is generated through grain-size segregation, and can enhance
confinement for subsequent flow (Major and Iverson, 1999; Gray and Kokelaar, 2010;
Iverson et al., 2010; Johnson et al.,, 2012; Kokelaar et al., 2014). However, the
equivalent work of self-confinement in subagueous settings remain limited. In
particular, how self-confining debris flows interact with erodible substrates, and how

such flow-substrate feedbacks influence the self-confinement evolution and mobility
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processes remain poorly understood. Therefore, the analysis of self-confinement
processes in subaqueous settings, is crucial for understanding the enhancement of

submarine flow mobility.

Furthermore, only modest prior attention has been paid to large submarine landslides
on low gradient slopes composed of carbonate ooze. Therefore, it is important to
understand how large-scale submarine landslides are developed on gentle carbonate
slopes, and how flow-substrate interactions influence flow mobility on such low-angle
slopes. Multiple large submarine landslides on low gradient slopes composed of
carbonate ooze have been identified offshore NW Australia covering more than 6000
km? of seafloor (Scarselli et al., 2013; Scarselli, 2020; Nugraha et al., 2022; Wu et al.,
2023). Weak layers are recognized in carbonate successions with a widespread
distribution (e.g., Wu et al., 2023). However, it remains relatively poorly understood
how changes in physical properties influence the evolution processes of carbonate

failures on gentle slopes remain poorly understood.

This thesis presents and synthesises the results from the following submarine mass

movement landforms:

i. A deep-burial, large-scale submarine carbonate landslide from the Exmouth
Plateau, Offshore Northwest Australia, to analyse how the changes in physical
properties of carbonate sediments govern weak layer formation and the
initiation and evolution of submarine landslides on low gradient slopes.

ii. A shallow-burial submarine debris flow from the Exmouth Plateau, Offshore
Northwest Australia, to investigate how self-confining processes develop in
submarine environments and how such processes enhance flow runout
distances on gentle slopes.

ili. Scaled, subaqueous physical experiments of segregation in both single and
successive granular flows, designed to explore the evolution of segregation in
subaqueous settings, with particular emphasis on dynamic flow-substrate

interactions.

The ambition for this thesis is to address the following research questions.



1.1 What causes insta bility on low gradient carbonate submarine

slopes?

Rationale: The stability of submarine slopes is fundamentally controlled by the physical
properties of sediments, which control both the pre-conditioning of the sedimentary
pile prior to failure (Miramontes et al., 2018; Urlaub et al., 2018; Gatter et al., 2021,
Wang et al., 2025), and the mechanical behaviour of flows during mass movement
downslope (lverson, 1997; Iverson et al.,, 2010; de Haas et al.,, 2015). Global
compilations of seafloor sediment distribution show that carbonate ooze is the most
widespread deep-sea lithology in the global ocean (Dutkiewicz et al., 2015, 2020). The
physical properties of carbonate sediments, including high compressibility and water
content, and the abundance of microfossils, such as foraminifera, can promote the
development of weak layers within the carbonate-rich successions that cause large-
scale landslides even on gentle slopes (Gatter et al., 2021; Wu et al., 2023).
Geotechnical observations demonstrate that even minor proportions of foraminifera,
as little as 0.47 wt%, can result in pronounced increase in porosity of carbonate-rich
successions (Sawyer and Hodelka, 2016). However, most models of the initiation and
evolution processes of submarine landslides have been derived from siliciclastic
environments (e.g., lverson, 1997; Gee et al., 1999; Iverson et al., 2010, 2011),
resulting in a limited understanding of carbonate-rich landslides.

Large submarine landslides have been recognised on gentle carbonate slopes with
gradients of less than 2°, including those on the Exmouth Plateau, offshore Australia
(Scarselli et al., 2013; Scarselli, 2020; Wu et al., 2023), and those on the northern and
eastern flanks of the Ontong Java Plateau (Berger and Johnson, 1976; Mosher et al.,
1993). Submarine landslides exhibit strong erosive capacity and increase their volume
through substrate entrainment. Recent studies show that carbonate ooze-dominated
slides are more erosive than siliciclastic slides. For example, the Gorgon carbonate
slide deposits have a volume up to 13 times its initial failure volume, compared to a
maximum of ~7.5 times the initial failure volume in siliciclastic landslides (Nugraha et
al., 2022). The dramatic volume increase in carbonate landslides occurs through
bulking up along the pathway, which probably results from their passage across a
highly erodible carbonate ooze substrate (Nugraha et al., 2022). Fragile foraminifera

and nannofossils dominate Cenozoic carbonate oozes (Palmer-Julson and Rack,
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1992; Rack et al., 1993) that are weakly cemented at their contacts during early burial.
When carbonate oozes fail, their post-failure remoulded strength can decrease ten-
fold relative to their initial strength, whereas siliciclastic clays typically show only two-
fold reduction in strength (Gaudin and White, 2009). Such pronounced strength loss
in carbonate oozes can promote greater substrate entrainment, allowing ooze-related

failure to gain more volume during transport.

Consolidation tests indicate that calcareous oozes are usually underconsolidated to
normally consolidated at shallow burial depths (< ~200 mbsf; Rack et al., 1993). This
suggests that calcareous oozes have high compressibility and are sensitive to the
overburden pressure. Additionally, carbonate sediments exhibit higher water content
than siliciclastic sediments, because @xtrabvolumes of pore water can be stored within
the chambers of foraminifera and similar microfossils (Bachman, 1984; Rack et al.,
1993). Under moderate compressive stresses, foraminifera tests within carbonate
oozes are susceptible to breakage and can release the @xtradintra-particle water,
which can rapidly elevate pore pressure and reduce sediment shear strength (Rack et
al., 1993). Consequently, carbonate sediments can experience rapid compaction,
elevated pore pressure generation, and strength reduction during burial, increasing

their susceptibility to slope failure and substrate entrainment.

The physical properties of carbonate sediments are recognised as key controls on
slope failure, and have been documented either prior to (Urlaub et al., 2018; Gatter et
al., 2021; Wu et al., 2023) or after (Sawyer and Hodelka, 2016) failure. However, there
remains limited understanding of how physical properties (e.g., water content, porosity,
permeability and composition) evolve within the same sedimentary successions from
intact stratigraphy into failure. In particular, the changes in the physical properties
within the underlying sensitive carbonate substrates can strongly influence flow-
substrate interactions, including erosion, deposition or lubrication. Resolving this gap
is critical for improving hazard assessment models, which rarely account for
stratigraphic composition or the influence of sediment physical properties on flow

evolution processes.



1.2 How do sub aqueous flows self -confine?

Rationale: Subaqueous debris flows can achieve runout distance of tens to hundreds
of kilometres on slopes of less than 1° (e.g., Gee et al., 1999). Such extraordinary
mobility on gentle slopes poses a challenge to classical gravity flow models that predict
rapid deceleration under low-gradient slopes. Understanding the mechanisms
responsible for long runout is crucial for understanding the dynamic flow-substrate
feedback on mobility, reconstructing deep-water sediment transport processes, and

assessing submarine geohazards.

Several mechanisms have been proposed to explain the high mobility of subaqueous
debris flows, including hydroplaning (Mohrig et al., 1998; De Blasio et al., 2004a,
2004b; Elverhgi et al., 2005, 2010; De Blasio et al., 2006; Acosta et al., 2017), and
elevated pore pressure (lverson, 1997; Gee et al., 1999; Major and lverson, 1999;
Talling et al., 2012a; Peakall et al., 2020). These processes can reduce basal friction
thus enhancing flow mobility. However, subaerial experimental results show that
debris flows travelling over smooth and rough beds can achieve comparable runout
distances, despite flows over smooth beds moving ~30% faster (lverson et al., 2010).
This observation suggests that basal roughness alone cannot fully explain debris-flow
mobility (Iverson et al., 2010, 2011). Consequently, grain-size segregation has been
proposed as an important mechanism controlling levee formation in debris flows
(Major, 1997; Major and Iverson, 1999; Iverson et al., 2010; Johnson et al., 2012).
During segregation, coarser particles migrate upward within the flow and are advected
towards the advancing front, where particles are overridden by the advancing flow
along the flow axis and laterally displaces coarse particles to off-axis locations,
progressively forming coarse-grained levees behind the flow head (Iverson et al., 2010;
Gray and Kokelaar, 2010; Johnson et al., 2012; Kokelaar et al., 2014). These lateral
levees act to confine subsequent flows, restrict lateral flow spreading, and thereby

facilitating longer runout distances.

Subaqueous debris flows, analogous in many respects to terrestrial debris flows, can
generate complex morphologies, including blocky and hummocky frontal morphology,
lateral levees and rafted sediment blocks, at much larger scales (Prior et al., 1984,
Masson et al., 1993). Examples include the up to 15 m high lateral levees observed in

the Saharan debris flow (Masson et al., 1993) and the ~5 m high front relief on the
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Kitimat fjord debrite (Prior et al., 1984). These levees can inhibit lateral spreading of
subsequent flows and create natural topographic confinement that helps channelise
flow pathways (e.g., Johnson et al., 2012; Kokelaar et al., 2014). Self-confinement
may not only arise from particle segregation, but also from dynamic interaction
between the flow and substrate. Subaqueous debris flows can strongly interact with
the seafloor through substrate incision, particularly in highly erodible carbonate
substrates (Nugraha et al., 2022). The substrate erosion by subaqueous debris flows
can modify the seafloor morphology (e.g., Gee et al., 2006) and generate a confined
environment. Such evolving topographic confinement, through deepening and
narrowing of the flow pathway, can further restrict lateral spreading of the flow. This
establishes a positive feedback whereby enhanced confinement promotes substrate
incision and further increases flow confinement, thereby increasing the run-out
distance on gentle slopes. Previous studies on evolution of self-confinement have
focused on the formation of confining levees during segregation processes in subaerial
flow settings (e.g., Deboeuf et al, 2006; Gray and Kokelaar, 2010; Iverson et al., 2010;
Johnson et al.,, 2012; Kokelaar et al., 2014; Rocha et al., 2019). However, the
formation and evolution processes of self-confining debris flows have not been

documented in subaqueous environments.

A new conceptual model for the process interaction and evolution of self-confining
subaqueous flows is therefore required, explicitly regarding dynamically evolving
depositional topography.

1.3 How do self -confining subaqueous flows bulk -up during

emplacement?

Rationale: Subaqueous debris flows can undergo substantial bulk-up during
emplacement through substrate entrainment (Prior et al., 1984; Gee et al., 1999, 2006).
Such bulking-up can substantially influence flow dynamics through increasing flow
volume (McCoy et al., 2012; Hodgson et al., 2019; Nugraha et al., 2022; Béttner et al.,
2024), thereby controlling flow momentum and mobility. Therefore, understanding the
bulk-up processes in self-confining debris flows is essential for analysing the

feedbacks between substrate entrainment, flow confinement, and flow mobility.



Subaerial physical experiment results demonstrate that substrate particles can be
entrained by advancing debris flows and incorporated into the recirculation zone within
the segregating flow heads (Johnson et al., 2012). During recirculation, flux analysis
suggests that fine particles mostly leave the head at the base of the central channel,
whereas coarse particles are advected away from the flow centre-plane by the
transverse component of the velocity, ultimately accumulating on the lateral sides of
the flow and acting as lateral levees (Johnson et al., 2012). Flow composition can
substantially influence the formation of bounding levees and flow mobility. As
evidenced by the subaerial granular experimental results in Kokelaar et al. (2014), the
flows containing 60-70 vol% fines exhibit longer runout than other fines percentages.
Field observations demonstrate that subaqueous debris flows can entrain substantial
volume from substrate (e.g., Gee et al., 1999; Dakin et al., 2013). Carbonate substrate
are particularly susceptible to be entrained compared with clay-rich substrates at
comparable burial depth (e.g., White et al., 2013; Nugraha et al., 2022). Consequently,
substrate erosion can significantly influence flow composition, volume and thickness
during transport. Despite the importance of substrate erosion of flows in controlling the
evolution of flow being acknowledged (McCoy et al., 2012; Hodgson et al., 2019;
Nugraha et al., 2022; Bottner et al., 2024), the role of bulking up in the evolution
process of self-confinement is poorly understood. Previous studies on evolution of self-
confinement have focused on the formation of confining levees (e.g., Deboeuf et al,
2006; Gray and Kokelaar, 2010; Iverson et al., 2010; Kokelaar et al., 2014), on the
fixed substrate in subaerial settings. It remains unknown how the dynamic flow-
substrate interaction (i.e., bulking-up) influences flow composition and flow thickness,

and thus influences the process of self-confining.

Addressing this gap is essential to reconstruct the evolution processes of self-
confinement (particle segregation), with particular consideration to dynamic bulk-up

processes, in subaqueous settings.

1.4 Aims and objectives

The main aim of this thesis is to advance understanding of how subaqueous landslides
initiate, evolve, and reach long runout distances on gentle carbonate-rich slopes. To
achieve this aim, this thesis seeks to analyse the dynamic feedbacks involved in the

mechanics of failure initiation (i.e., how physical properties change during failure), the
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flow-substrate interactions (erosion, deposition, or lubrication), and the evolving
depositional and erosional processes during self-confinement. Three distinct methods
are used: seismic-well tie, seismic interpretation, and physical experiments. Together,
this thesis strives to synthesise the findings on the morphology and distribution of
subaqueous mass flow deposits, in order to understand the mechanical changes
leading to submarine failures and the process-linkages between sediment failure,

subsequent evolution, and flow mobility on gentle slopes.

The main aim is addressed through the research questions outlined above, and with
the following chapter-specific aims and objectives. Chapter 2 reviews the key concepts
of submarine landslides and submarine debris flows, and the previous research
relevant to physical properties of carbonate sediments, flow-substrate interactions and
physical experiments. Chapter 3 then establishes the regional geological and
stratigraphic framework of the Exmouth Plateau, offshore NW Australia, providing the
context for the field-based analysis in Chapters 4 and 5 and the process-based

experiments in Chapter 6.

1.4.1 Chaplteearr ni ng fr om cChuasnhgiensg ifnaip huyr sei

properties reveal the mechanics of submar

The aim of Chapter 4 is to examine how the physical properties of calcareous weak
layers, such as their porosity, water content, permeability, and fossil abundance,
change during failure. This will be investigated by utilising ODP wells from the offshore
NW Australian, where water-rich layers can be mapped from undeformed sediments
into the basal shear surfaces of carbonate landslides. Examining how the physical
properties of weak layers evolve during landsliding enables the process dynamics and

evolution of submarine landslides to be assessed. The objectives are to:

i. Document the physical properties of the unfailed stratigraphy recognised
adjacent to the landslides through seismic-well ties.
ii.  Explore the physical properties of the same key stratigraphic units and surfaces
after failure.
iii. Discuss the processes accounting for changes in physical properties of key

horizons (i.e., weak layers) before and after failure.



Based on the results, a new mechanistic model is proposed to capture the process

interactions of carbonate landslide evolution.

1.4.2 Chaeltfenf i ning submar iMAme cdhedmrii ssm ffl oon

| ong-oruun on gentle sl opes

The aim of Chapter 5 is to document the depositional architecture of a self-confined
submarine debrite using three-dimensional seismic reflection data from the Exmouth
Plateau, offshore northwest Australia, where the slope gradient is less than 1°. The

objectives are to:

i.  Examine how depositional relief is generated.
ii.  Understand the nature of substrate incision at the base of the debrite, and
guantify the amount of substrate entrainment.
iii. Document the characteristics of grooves on the basal shear surface to help

reconstruct the spatio-temporal patterns of submarine debrite formation.

Based on the results, a new sedimentological model is proposed to explain the
evolution of a submarine debris flow with long run-out on gentle slopes, in order to

examine the nature of self-confinement in submarine debris flows.

1.4.3 Chaepgreegati on and evolving caudsd r at
i nsights from observation of single and s

fl ows

The aim of Chapter 6 is to understand how submarine debris flows interact with the
evolving depositional relief, by analysing the process interactions between
subaqueous granular flows and their deposits through physical experiments. The

specific objectives are to:

i. Investigate grain-size segregation in single subaqueous granular flows with
different mixtures, and to highlight the distinctive characteristics of subaqueous
segregation through the comparison with subaerial counterparts.

ii.  Quantify the downstream variations in levee thickness using digital elevation
models (DEM), and analyse the grain-size distribution and sphericity for

deposits in single events.
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iii.  Evaluate the role of flow-deposit interactions during multiple events on runout

distances.

Based on the experimental observations of multiple subaqueous granular flows, a new
self-confining model is developed that explains how particle segregation and flow-

deposition interactions can increase the run-out distances of submarine debris flows.

Drawing together the main findings from Chapters 4-6, Chapter 7 provides a synthesis
and outlines directions for future work. Chapter 8 presents the conclusions of the

thesis.
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Chapter 2 Literature review

This literature review chapter has four parts:

I.  An introduction to the classification of submarine gravity flows and their
transformations and deposits, with a particular focus on submarine landslides
and debris flows (Section 2.1).

ii.  Areview of the role of physical properties of carbonate sediments and changes
on burial (Section 2.2).

iii.  Seismic stratigraphic expression of deep-water systems, covering the seismic
expression of submarine landslides deposits (Section 2.3).

iv.  Areview of previous physical experiments of granular and debris flows and the

limitations of existing models (Section 2.4).

2.1 Submarine gravity flows

Submarine gravity flows are gravity-driven processes that exhibit a wide range of mass
movements types and behaviours (Moscardelli and Wood, 2008; Haughton et al., 2009;
Wu et al.,, 2021). They can be classified into: (i) cohesive and coherent mass
movements, such as creeping, sliding, and slumping; and (ii) sediment gravity flows,
such as debris flows, turbidity currents, and their transformations to transitional flows
and hybrid flows (Middleton and Hampton, 1973; Lowe, 1982; Shanmugam et al., 1994,
2020; Haughton et al., 2009; Posamentier and Martinsen, 2011; Hodgson et al., 2026;
Figure 2-1). These categories reflect increasing internal deformation and mass
disaggregation from coherent slope-parallel mass movement to fully disaggregated,
matrix-supported flow behaviour. Submarine landslides and submarine debris flows
are widely documented on global continental margins (e.g., Moscardelli and Wood,
2008, 2016; Talling et al., 2014), and usually account for large-scale long-runout (up
to hundreds of km) mass movement even on gentle slopes (<1°; e.g., Gee et al., 1999;
Talling et al., 2007).

12



Static Coherent Mass Incoherent Mass B

Transport direction

e _ - Local faults
Undeformed strata 7/ Block | L Creep
e
\/ y— Slow strain-rate intergranular

— deformation with minor lateral displacement
1]

Spread

Sediments extend and broken up into
coherent blocks with greater lateral displacement

Slide

Coherent movement with minor
internal deformation

Slump

Coherent movement with
significant internal deformation

Fully disaggregated sediments

Increasing Mass Disaggregation and lateral displacement

Transport direction
-

 / Turbidity current
Non-cohesive turbulent flow

Basal shear surface

Figure 2-1: Classification of submarine slope failures from coherent mass flows to turbulent
frictional sediment gravity flows (modified from Wu et al., 2021).

2. 1Submarli amds | i des

Submarine landslides are gravity-driven mass movements that can transform fully or
partially from one type of sediment gravity flow to another (Piper et al, 1999;
Moscardelli and Wood, 2008; Hodgson et al., 2026). Thus, submarine landslide is
used as a broad, inclusive term for a wide range of submarine gravity flow types,
encompassing creep (e.g., Nemec, 1990; Silva and Booth, 1984; Li et al., 2019), slides
(e.g., Haflidason et al., 2004, 2005; Micallef et al., 2008; Piper et al., 2012), slumps
(e.g., Couvin et al., 2024), and associated debris flows (e.g., Prior et al., 1984; Masson
et al., 1997, 1998) and turbidity current processes (e.g., Clare et al., 2014; Figure 2-1

and Figure 2-2). A continuum of movement styles from creep with no basal
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detachment, through slide with basal detachment but limited internal deformation, to

slump with basal

detachment and

internal

deformation,

reflects

increasing

displacement, internal deformation and disaggregation (Hampton et al.,, 1996;
Moscardelli and Wood, 2008; Talling et al., 2012a; Wu et al., 2021; Hodgson et al.,

2026).
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Figure 2-2: (A) Classification of subaqueous sediment gravity flows. (B) Evolution process
from submarine debris flows to turbidity currents (from Haughton et al., 2009).

14



Submarine landslides are well known in siliciclastic depositional settings, whereas
relatively few large-scale landslides, up to thousands of km?, are documented on
carbonate-dominated regions even though the slope gradient is very low (<2°). For
example, on the Exmouth Plateau, offshore Northwest Australia, the submarine
carbonate landslides cover an area of over 6000 km? on a gentle slope (Wu et al.,
2023). Carbonate landslides are mainly found oceanward of the continental shelf-
break in tropical or subtropical regions, such as offshore Australia (Scarselli et al.,
2013, 2020; Wu et al., 2023), Ontong Java (Watson et al., 2017), the Inner Sea
(Maldives) (Ludmann et al., 2022), and the Bahamas (Tournadour et al., 2017). The
global distribution of carbonate landslides is attributed to the widespread occurrence
of carbonate sediments on the seafloor (Dutkiewicz et al., 2015, 2020; Figure 2-3).
Carbonate sediments consist of microfossils (i.e., foraminifera and nannofossils),
which exert an important role on porosity, compressibility, and shear strength (Palmer-
Julson and Rack, 1992; Rack et al., 1993; Gaudin and White, 2009; Dijkstra et al.,
2013; White et al., 2013). Consequently, the mechanical behaviour of carbonate-rich

sedimentary successions differs fundamentally from siliciclastic settings. Most studies

focus on siliciclastic submarine landslides (e.g., Sultan et al., 2004; L 6 He ur e .y x

2011, 2012; Vardy et al., 2012; Miramontes et al., 2018; Krastel et al., 2019), despite
calcareous ooze representing the most widespread deep-sea lithology in the global
ocean (Dutkiewicz et al., 2015, 2020; Figure 2-3). Given the extensive global coverage
of carbonate sediment on the seafloor, understanding the mechanical behaviour of
carbonate sediments is essential for evaluating submarine slope instability.
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Figure 2-3: Global distribution of seafloor lithology, demonstrating that calcareous ooze is the
most widespread deep-sea lithology in the global ocean (from Dutkiewicz et al., 2020).

Submarine landslide deposits are mass flow deposits and represent the preserved
stratigraphic deposits of submarine slope failure events (e.g., Hampton et al., 1996;
Masson et al., 2006; Micallef et al., 2008; Alsop and Marco, 2011; Hodgson et al.,
2026). The volume of submarine landslide deposits can reach thousands of km?
(Moscardelli and Wood, 2008, 2016), such as the Storegga Slide deposits offshore
Norway that have a volume of approximately 2400-3200 km? (Haflidason et al., 2004,
2005; Bryn et al., 2005). Submarine landslide deposits play an important role in the
stratigraphic architecture of sedimentary basins. In some cases, they are a substantial
proportion of a basin-fill (e.g., Posamentier and Martinsen, 2011; Li et al., 2015a; Sun
et al., 2018; Wu et al., 2020).

A conceptual model of submarine landslide deposits has been proposed based on
seismic and outcrop observations, showing sediments from an extensional headwall
region transported downslope through a transitional region, and ultimately deposited
in a compressional toe region (Prior et al., 1984; Bull et al., 2009; Figure 2-4). Further
details on the seismic identification of submarine landslide deposits can be seen in
Section 2.3 (Seismic stratigraphy and facies of deep-water systems).
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Headwall Translational Domain Toe Domain
Domain

Figure 2-4: A conceptual model of a submarine landslide, consisting of three main domains,
including an upstream extensive headwall region, a transitional region, and a downstream
compressive toe region (from Bull et al., 2009).

2. 1Submardeleri s fl ows

Submarine debris flows are a type of sediment gravity flow and are characterised by
laminar, non-turbulent behaviour in which particles are supported by a combination of
matrix strength, grain interaction and buoyancy (Middleton and Hampton, 1973;
Coussot and Meunier, 1996; Haughton et al., 2009). Submarine debris flows are
commonly matrix-supported, with cohesive forces from mud contributing to the flow
rheology (Figure 2-2), and can range from high-concentration mud flows to more
granular debris flows, reflecting a continuum of rheological behaviour (Talling et al.,
2012a). Additionally, submarine debris flows can travel extraordinarily long (tens to
hundreds of km) distances over slopes where gradients decrease to almost flat (~0°)
(Prior et al., 1984; Masson et al., 1997; Gee et al., 1999; Talling et al., 2007; Tang et
al., 2022). For example, the Saharan debris flow extends over 400 km downslope of
the Canary Islands on a gradient that decreases to as little as 0.1° (Embley, 1976;
Gee et al., 1999). The prevalence of submarine debris flows with long runout distances
can catastrophically threaten deep marine engineered seafloor constructions and
have a significant impact on the financial aspects of hydrocarbon exploration and
deep-marine installations (Gee et al., 1999; Locat and Lee, 2002; Talling et al., 2007,
Zhang et al., 2019). Submarine debris flows are characterised by a strong erosive
capacity, and can gain substantial deposits through substrate entrainment (e.g.,
17



Masson et al., 1997; Gee et al., 1999; Georgiopoulou et al., 2010; Dakin et al., 2013;
Hodgson et al., 2019; Krastel et al., 2019). Thus, it is important to analyse the flow-
substrate interactions, especially those with long runout on gentle slopes. Further
details on the flow-substrate interactions can be seen in Section 2.2.4 (Water-rich

substrates and flow processes) and Section 2.4 (Evolution of carbonate mass flows).

The deposits of subaqueous debris flows, debrites, are formed by the en masse
consolidation of sediment-laden gravity flows, in contrast to the incremental, size-
segregating settling and layer-by-layer deposition that characterises many turbidites
(Talling et al., 2012a). Subaqueous debrites are typically characterised by massive,
chaotic, and poorly sorted sediments, with clasts floating within a finer-grained matrix
(Embley, 1976; Prior et al., 1984; Coussot and Meunier, 1996). Based on the matrix
composition and cohesive strength, subaqueous debrites can be subdivided into (i)
very clean sand debrite (Dvcs), (ii) clean sand debrite (Dcs), and (iii) cohesive debrites,
including lower strength muddy debrite (Dwm-1) to higher strength muddy debrite (Dwm-2;
Talling et al.,, 2012a; Figure 2-5). The classification demonstrates that debris-flow

behaviour forms a continuum controlled by cohesive clay fraction and matrix strength.

Flow type terminology Sediment support mechanism (s)
DEBRIS AVALANCHE Debris avalanche deposit Particle collisions; Matrix strength
SLUMP OR SLIDE Slump or slide deposit Matrix strength, Excess pore pressure
GRAMNULAR AVALANCHE Grain-flow depaosit Particle collisions
o :

= NON-COHESIVE 5 J'ﬂ'.-‘lam_ly fz-l:lcess p-;:rr:—:-l p:'ESS u;le ;u ;h that =
% A DEBRIS FLOW ves | flowis fully or partly liquefied. No <
=TI . cohesive strength but margins can =
O | (Very dlean sand debrite) LS =
o freeze as pore pressure dissipates <
E % POORLY COHESIVE = Cohesive strength allows sand to {E:‘l
& DEBRIS FLOW o N Dfs partly or fully settle out (sometimes =
% E o {Clean sand debrite) H| 2 E very slowly). Excess pore pressure, -
= J x| = bouyancy and grain to grain o
; = HIGH STRENGTH E g é interaction help to support sand E
o Q | High strength muddy debrite) v @ =
il LL < ~ E
O ) =2 DM 5 5

o MODERATE STRENGTH =z = | Cohesive strength of matrix is enough

= {(Moderate strength - to prevent sand settling, but support
w muddy debrite) can also occur by excess pore pressure,
m buoyancy (clast verses matrix density),
T LOW STRENGTH D and grain to grain interactions.
S {Low strength muddy debrite) M-1

Figure 2-5: Terminology of subaqueous debris flow and their deposits (from Talling et al.,
2012a).
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Blocks are common components of debrites (Gee et al.,, 1999), and particularly in
subaqueous settings, they can reach lengths of hundreds of metres to several
kilometres (e.g., Jackson, 2011; Alves, 2015; Hodgson et al., 2019; Nwoko et al.,
2020a; Ortiz-Karpf et al., 2017; Soutter et al., 2018; Li et al., 2022). During transport,
blocks embedded within debris flows can act as tools to generate erosional structures
(e.g., striations and grooves) on the basal shear surfaces during transport (Figure 2-6).
Consequently, these basal grooves are widely used as palaeocurrent indicators (e.qg.,
Nissen et al., 1999; Gee et al., 2005; Ortiz-Karpf et al., 2017; Soutter et al., 2018; Li
et al., 2022).

Surface rupture

Basal Striations
Landslide blocks

Debris Flow

Striations

Secondary slide scar

Secondary
turbidity currents

Debris-flow deposit 1
Debris-flow deposit 2
Secondary furrows

Debris-flow terminal
lobes

Figure 2-6: Conceptual model of submarine debris flow evolution, demonstrating the formation
of substrate erosional structures (e.g., striations and grooves; from Gee et al., 2006). Three
stages are involved from the failure initiation to the grooves formation: Stage 1 involves the
initiation of submarine slope failure, Stage 2 is the development of blocks and the transition
from submarine landslide to submarine debris flow and turbidity current, and Stage 3 shows
the formation of striations and successive failures.
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Grooves are typically expressed as sub-parallel, linear erosional structures on basal
surfaces of failures, and can extend for kilometres while remaining remarkably
constant in terms of width, depth and straightness (e.g., Gee et al., 2005; Ortiz-Karpf
et al., 2017; Soutter et al., 2018). Such constant geometries impose strict mechanical
constraints on both the hosting flow and the substrate, requiring clasts to be dragged
in a stable position (without rotation) at a constant height (without bouncing) relative
to the flow body, through a substrate strong enough to resist deformation, fluid
stresses, or backfilling once the groove has been cut (Peakall et al., 2020). Previous
research linked the formation of grooves to turbidity currents (e.g., Kuenen, 1957,
Bouma, 1962; Enos, 1969; Pett and Walker, 1971; Crimes, 1973), given that grooves
are more frequently observed at the base of Ta beds. However, early studies also
recognised that grooves can form beneath slumps and slides (Kuenen, 1957), and
later work has further documented their occurrence in association with high-strength
cohesive debris flows (Talling et al., 2012a; Dakin et al., 2013) and hybrid event beds
(Talling et al., 2004, 2012a,b; Peakall et al., 2020).

More recently, studies such as Peakall et al. (2020) and McGowan et al. (2024), have
guestioned whether highly turbulent flow conditions are compatible with the observed
constancy of groove geometry. Peakall et al. (2020) argued that the constant width,
depth and linearity of grooves are indicative of transport by cohesive plug flows (i.e.,
debris flows, slumps and slides), which have sufficient cohesive strength to hold clasts
in position at the base of the flow (Figure 2-7). As the debris flow advances, these
clasts can act as erosive tools, in a single position without rotating at a constant height
(no bouncing), thus forming the constant geometry of grooves on soft fine-rich
substrate (Peakall et al., 2020, 2024). Therefore, the geometry and distribution of
grooves provide important insight into the dynamics and the rheology of the hosting

flow and the mechanics of the basal layer at the point of formation.
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Weaknesses

" Clasts slide for very short distances (<1 grain
diameter).

" When overpassing, particles tend to roll.

" Particles rapidly disperse laterally.

Weaknesses

" Traction carpets thinner than diameter of
particles forming many grooves.

* Large particles move away from the bed or
glide along the top interface of traction carpet.

* Cannot explain presence of groove marks
under Tg beds.

" Bow waves cannot propagate to form
chevrons.

Weaknesses

* Large particles will not remain at a fixed
height.

" Large particles may preferentially settle.

" If dispersive pressure is important then large
particles may rise.

* If turbulence is extinguished then a very
limited tractional signature is produced.

Weaknesses

" Grooves not reported in subaqueous settings.

" Cohesionless flow - clasts likely not fixed in
position.

" Restricted to slopes of a few degrees.

Weaknesses

* Flows have no strength and cannot hold a tool
in place.

" Unlikely to liquefy/fluidise large particles.
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2.2 Fine-grained carbonate sediments

Carbonate sediments (referred to as carbonate soils in engineering geology literature)
are classed as calcareous sediments with more than 30% calcite carbonate and/or
CaMg(COs3)2. The carbonate material can be sourced from coral and algal deposits,

or foraminifera and mollusc material, or abiotic precipitation (Hamilton, 1976; Palmer-

Weaknesses

" Shear strength at base very low.

" Unlikely to be sufficient to hold clasts firmly in
place.

" Shear strength higher at front - possible
grooves there.

Strengths

* Cohesive strength to hold particles in fixed
positions.

" Full of clasts (tools).

* Clasts uplifted at flow front.

Strengths

" Cohesive strength to hold particles in fixed
positions.

* Full of clasts (tools).
" Clasts uplifted at flow front.

" Clasts attached to base of plug penetrate
through more fluidal basal layer (FBL).

Strengths

* Cohesive strength to hold particles in fixed
positions.

* Full of clasts (tools).
" Clasts uplifted at flow front.

* More fluidal basal layer (FBL) allows
propagation of bow waves.

Figure 2-7: Mechanisms within different types of sediment gravity flow. Only those in G-I can
explain the formation of grooves and chevrons (from Peakall et al.,

2020).

Julson and Rack, 1992; Morse, 2003; Berger and Wefer, 2009).
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221Physi cal properties ofsoatbdnate

Carbonate sediments can contain microfossils, such as foraminifera tests, which
contain skeletal voids (Bachman, 1984; Palmer-Julson and Rack, 1992; Hairabian et
al., 2014; Beemer et al., 2019), including inter-skeletal pore space and intra-skeletal
pore space (Figure 2-8). Geotechnical observations demonstrate that as little as 0.47
wt% of foraminifera can result in pronounced increase in porosity of carbonate-rich
successions (Sawyer and Hodelka, 2016). Foraminifera are an important component
of Cenozoic carbonate sediments (Palmer-Julson and Rack, 1992), and are
characterised by hollow calcareous tests in which skeletal pore space can range from
approximately 61-73% of the test volume (Bachman, 1984). Measurements indicate
that these internal voids can increase total sediment porosity by 35-44% (Bachman,
1984). Bachman (1984) proposed that @xtrabwater can be stored in these hollow

skeletal structures. However, this water is largely isolated from the surrounding pore

system unless the skeletal particles can be fractured (Demars, 1982; Rack et al., 1993).

Figure 2-8: Blue-epoxy stained thin-section photomicrograph, illustrating inter-skeletal pores
and intra-skeletal pores within foraminifera tests in a carbonate sediment (modified from
Hairabian et al., 2014).

Under compacted, carbonate sediments can go through a combination of
rearrangement and crushing of the grains (Dijkstra et al., 2013; Beemer et al., 2019;
Wang et al., 2020), thus releasing inter- and intra-skeletal pore water preserved within

microfossils. The fracture strength of microfossils is strongly controlled by their bio-

23

sedi

m



morphology (Beemer et al., 2019). Planktic foraminifera have greater void space but
thinner walls, and their strength is one-fifteenth of benthic foraminifera (Beemer et al.,
2019). In general, the fabric formed by porous, rigid siliceous skeletons, such as those
of diatoms and radiolaria, results in greater resistance to compaction during burial
(Rack et al., 1993). This interpretation is supported by consolidation tests of
diatomaceous sediments that were subjected to vertical stresses of up to 3200 kPa
(Rack et al., 1993). In their consolidation tests, diatoms remained largely intact (i.e.,
centric diatom) or exhibited severe breakage (i.e., pennate diatom), whereas
nannofossil skeletons packed tightly together and often disassociated into crystallites,
thereby closing interparticle voids.

When carbonate oozes fail, their residual strength decrease ten-fold relative to their
initial strength, whereas the residual strength of siliciclastic sediments show only two-
fold reduction in their initial strength (Gaudin and White, 2009). Siliciclastic particles
with clay mineralogy have stronger attractive forces (electrostatic bonding) due to the
ionic layer present on the surface of clay particles. Whereas carbonate sediments rely
primarily on mechanical grain contacts and, in some cases, early-stage cementation
(White et al., 2013). This pronounced post-failure strength loss implies that carbonate
slopes are particularly susceptible to rapid acceleration and large volume failure once
instability is initiated, posing significant threats to submarine economic safety (e.qg.,

seafloor communication pipes and oil and gas platforms; White et al., 2016).
222Carbonate sedi ment types

Carbonate-dominated sediments are commonly classified into four broad types:
6o0oo0zesob, o6mar | s 6, based anrrelatvé propatiorss of enrhiagenics 6
material, siliceous biogenic components, and calcareous biogenic components
(Barron et al., 1984; Stow and Piper, 1984; Dean et al., 1985; Figure 2-9).
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Clay
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70% Clay (silt or mud),
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Figure 2-9: Classification of the three-component system, including non-biogenic, siliceous
biogenic, and calcareous sediments (from Barron et al., 1984).

Oozes are biogenic sediments in which the total biogenic component exceeds 70%,
whereas marls, sarls and smarls, are characterized by 30-70% of biogenic
components, with varying proportions of calcareous and siliceous microfossils (Barron
et al., 1984; Stow and Piper, 1984). Global compilations of seafloor sediment
distribution demonstrate that @arbonate oozebis the most widespread deep-sea
lithology in the global ocean (Dutkiewicz et al., 2015, 2020). In the Dutkiewicz et al.
(2015, 2020) classification, @alcareous oozeobrefers to the unconsolidated sediment
containing > 30% calcareous skeletons (e.g., foraminifera, pterapods, coccoliths),
which corresponds to calcareous oozes and marls in the classification of Barron et al.
(1984).

Oozes are accumulations of skeletons and skeletal fragments of carbonate and
biosiliceous phytoplankton and zooplankton (e.g., nannofossils and foraminifera, or
diatoms and radiolaria, respectively; Rack et al., 1993; Morse et al., 2003). They
usually undergo a series of diagenetic processes with a corresponding progressive
change in physical properties during burial. In the shallow burial stage (approximately
160 m), unconsolidated oozes undergo simple mechanical compaction driven by
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overburden pressure, with high gradients in porosity, bulk density, and sonic velocity
but remain soft (Dean et al., 1985; Gritzner and Mienert, 1999). In the next stage of
burial (~160-250 m), the effect of gravitational mechanical compaction decreases
because firm particle contacts between microfossil tests are established (Grutzner and
Mienert, 1999). During this stage, microfossil test dissolution begins along with partial
calcite reprecipitation, characterized by very low gradients in porosity but high in
density (Grutzner and Mienert, 1999). From approximately ~250 m burial depth, oozes
gradually become harder with increased overpressure and form firm chalk, eventually
forming hard limestone. At this depth, the particles are affected by cementation and
begin to fuse and grow, resulting in the apparent diminution of pore volume (Griitzner
and Mienert, 1999). At around ~700 m burial depth, the chalk-limestone transition is

almost complete (Dean et al., 1985; Grutzner and Mienert, 1999).

Marls are mainly dominated by calcareous microfossils with a portion between 30% to
70%, and clay minerals in proportions < 15% (Barron et al., 1984; Lamas et al., 2002).
Sarls are characterised as siliceous-argillaceous sediments (for example, diatom clay
and clayey diatom ooze), have more biogenic siliceous particles than calcareous
microfossils in proportions < 15%, and contain < 75% of particles of extrabasinal origin
(Dean et al., 1985; Milliken, 2014). Smarls are composed of > 30% non-biogenic
components, characterised as more than 30% total siliceous and calcareous
microfossils, with each type > 15% (Barron et al., 1984). No literature has been
identified that documents the different physical properties of marls, sarls or smarls.
However, Lee (1982) suggested that the shear strength of carbonate sediments (soils)
can increase through mechanical interaction of less-plastic, more granular particles,
or true cementation, with the increase in carbonate contents. Given the different
carbonate content, it can be inferred that the shear strength of marls is the greatest,
followed by smarls, then sarls. Thus, it is too simplistic to applyt he t er m
cover all carbonate sediments (i.e., sarls, marls, and smarls), considering their

different composition and therefore physical properties.
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2.2.3 Caskdmnamteet s on buri al
(1IMHor maafi onarwealktleayer s

Carbonate-rich successions undergo significant compaction from overlying
stratigraphy during burial, which strongly influences their mechanical behaviour and
slope stability. The shear strength of carbonate sediments mainly derives from
mechanical factors and sometimes also from chemical factors (cementation) even at
much shallow burial depths (e.g. seafloor; Bjgrlykke and Hgeg, 1997), which are both
controlled by the carbonate content (Lee, 1982). Thus, mechanical compaction of
carbonate sediments is particularly effective at shallow burial depths (~ 200 m), where
high compressibility and limited consolidation combine to produce rapid porosity
reduction (Rack et al., 1993; Casas et al., 2006). The enclosed chambers of
foraminifera will break under moderate compressive stress at shallow burial depth,
leading to abrupt expulsion of non-connected pore water (Demars, 1982; Rack et al.,
1993; Beemer et al., 2019). Such rapid release of pore water due to particle
rearrangement and breakage (Figure 2-10), particularly where permeability contrasts
exist, can generate transient pore pressures that are a key mechanism in the
development of laterally extensive weak layers (Gatter et al., 2021).
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Figure 2-10: Schematic to illustrate three types of weak layers: (A) particle rearrangement, (B)
liquefaction, and (C) water film formation. The last two types of weak layers are carbonate-
related (from Gatter et al., 2021).
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Controlled by the laterally extensive weak layers, large-scale carbonate submarine
landslides develop even on extremely low slope angles (Figure 2-11), such as the
examples on the Exmouth Plateau, offshore NW Australia (<2°; Puga-Bernabéu et al.,
2011, 2020; Hengesh et al., 2013; Nugraha et al., 2022; Wu et al., 2023), Inner Sea
(Maldives) (<1°; Ludmann et al.,, 2022), Ontong Java Plateau (<1°; Berger and
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Johnson, 1976; Mosher et al., 1993), and the Great Bahamas Bank (Principaud et al.,
2015).

20 Webster et al., 2016
21 Counts et al., 2021
10

0 2000 4000 6000 8000
Water depth (m)

Figure 2-11: Global distribution of carbonate-rich gravity flows, labelled in yellow circles. The
basemap comes from SRTM15, acquired by Generic Mapping Tools 6 (Tozer et al., 2019;
Wessel et al., 2019).

2. 2Fl opr ocemes hanomvent €1i ch substrates

Submarine mass movements can be broadly classified into: (1) free-slip flows, which
override substrate with little or no preserved evidence of erosion or deformation
beneath the basal shear surface; and (2) no-slip flows, in which the strain front
penetrates into the underlying substrate (Sobiesiak et al., 2018). No-slip flows can
induce changes in flow volume through bulking-up. Hydroplaning and liquefaction
have been proposed as the primary mechanisms enabling free-slip mass movement,
and these processes can lead to flow bypass with limited shear stress transmission to
the substrate, thereby restricting substrate erosion and deformation. The focus of this
section is on the evolution process of free-slip flows over water-rich substrates, which
can arise from the physical properties (water-rich and high compressibility) of

carbonates.

The process of hydroplaning was first demonstrated in physical experiments by Mohrig

et al. (1998), and demonstrated that ambient fluid is dynamically injected beneath the
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head of subaqueous debris flow, forming a thin lubricating layer that separates the
flow from the underlying substrate (Figure 2-12). Hydroplaning is considered to occur
when the hydrodynamic pressure at the flow head is sufficient to support the average
submerged debris-load (Mohrig et al., 1998). Experimental results demonstrate that
hydroplaning preferentially develops in high-clay (>~20 wt%) debris flows, which have
a sufficiently high yield stress to establish a low-permeability head that prevents water
dissipation upward through the head (Mulder and Alexander, 2001; listad et al., 2004
a, 2004b, 2004c; De Blasio et al., 2006; Elverhgi et al., 2010). The low viscosity water
lubricating film beneath the debris flow is easily sheared and associated with a
dramatic reduction in the bed-resistance force, thereby providing a possible
explanation for long runout of subaqueous flow on very low gradient slopes (De Blasio
et al., 2004a, 2004b, 2006; Elverhgi et al., 2005, 2010; Acosta et al., 2017). In most
cases, hydroplaning has been directly linked to flow long runout (De Blasio et al., 2006;
Elverhgi et al., 2010) and detached outrunner blocks (De Blasio et al., 2004b, 2006;
Elverhgi et al., 2005). However, direct evidence of hydroplaning in natural systems
remains difficult to obtain, given that the basal water film cannot be preserved in the
deposits. All laboratory and numerical studies on hydroplaning involve frontally
unconfined coherent flow heads. Such hydroplaning relies on the development of
hydrodynamic pressure at the advancing flow head, and therefore will be suppressed
under conditions of frontal confinement where flow acceleration is restricted. Additional
mechanisms are required to explain the enhanced mobility of submarine debris flows
in frontally-confined settings.

Figure 2-12: Hydroplaning of subaqueous debris flows, demonstrating the snout of a
subaqueous flow lifting off of the channel bed (from Mohrig et al., 1998).
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Unlike flow-acceleration-controlled hydroplaning, liquefaction is governed by pore-
pressure within the substrate. Liquefaction occurs when shear-induced excess pore
pressure equals the weight of the grains, so that the effective stress approaches zero,
causing the grains to temporarily lose contact and float within the surrounding fluid
(Lowe, 1976; Iverson, 1997; Iveson et al., 1997, 2010; Major and Iverson, 1999).
Subsequent pore-pressure dissipation permits progressive re-establishment of
effective stress, leading to grain settling from the base upward (Lowe, 1976). During
the re-sedimentation process, pore water is squeezed out of underlying loaded
sediment, and generates excess pressure where water cannot drain rapidly enough
(Figure 2-13). Although liquefaction within the substrate is transient as pore pressure
dissipates and grain contacts are progressively re-established, the resulting water film
tends to outlast liquefaction settlement, thus sustaining interface lubrication and
prolonging the period of reduced shear stress beyond the apparent time period of
liquefaction (Kokusho, 1999).

Seed et al. (2003) suggested liquefaction susceptibility can be evaluated by comparing
the natural water content (Wc) to liquid limit (LL), and sediments with Wc( 0.80*LL
are considered potentially susceptible to liquefaction under cyclic loading while
sediments with a Wc%U 0.85 may be liquefiable. True liquefaction requires shear-

induced pore pressure exceeding the weight of the grains (the initial effective normal
stress), its occurrence cannot be inferred from Wc/LL ratio alone without considering
shear strength and the permeability of any boundary layers that govern pore pressure
build up. Elevated pore pressure in such systems primarily arises from contractive
shearing, whereby rapid deformation by the overriding flow induces volume
contraction through shearing under undrained conditions (lverson et al., 1997). This
elevated pore pressure reflects the competition between the rate of contractive volume
change and the rate of pore-pressure dissipation. Under such conditions, grain
contacts persist, albeit weakened, and the mechanical shear strength of the substrate
is markedly reduced (e.g., Stoecklin et al., 2017). Once the upward drainage is
restricted by a relatively lower-permeability overlying layer, a permeability contrast can
promote localised fluid accumulation along the basal interface, facilitating the
formation of a thin water film at the flow-substrate boundary (e.g., Iverson et al., 1997,
Kokusho, 1999; Kokusho and Kojima, 2002; Figure 2-13).
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Figure 2-13: Liquefied sands and the resulting water film (from Kokusho, 1999)

2.3 Seismic stratigraphy and facies of deep  -water systems

Advances in marine geophysical surveying have markedly improved our ability to
analyse submarine landslides in offshore settings, such as two-dimensional (2D) and
three dimensional (3D) seismic reflection data, multibeam bathymetry, autonomous
underwater vehicles as platforms for some of these techniques, and sidescan sonar
imaging (Clare et al.,, 2017). Among these methods, seismic reflection data,
particularly 3D seismic datasets, have proven to be effective and widely used for
analysing modern and buried submarine landslide deposits in offshore environments.
High-resolution 3D seismic reflection data allow detailed analysis of the geometry,
internal architecture, and basal shear surfaces of submarine landslides (e.g., Bull et
al., 2009), thereby providing critical insights into the flow-substrate interaction and

emplacement processes.
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In seismic reflection data, submarine landslide deposits are generally referred to as
mass-transport deposits due to their chaotic seismic facies (MTDs; Zampetti et al.,
2004; Bull et al., 2009; Sawyer et al., 2009; Omosanya and Alves, 2013; Li et al., 2015,
2017; Nwoko et al., 2020b). In geophysical and subsurface data, it is generally hard
to identify individual submarine landslide events, therefore mass-transport complexes
(MTCs) are often used to describe the depositional bodies of landslides that are likely
emplaced by numerous failure events (Weimer, 1990; Bryn et al, 2005; Ruano et al,
2014; Ortiz-Karpf et al., 2018).

On seismic sections, MTDs are typically characterised by chaotic, transparent to semi-
transparent, and discontinuous internal reflections (cf. Posamentier and Kolla, 2003;
McGilvery and Cook, 2004; Evans et al., 2005; Gee et al., 2006, 2007; Moscardelli
and Wood, 2006; Bull et al., 2009; Gamboa et al., 2011; Brothers et al., 2016; Figure
2-14). This chaotic seismic facies is the primary identification of MTD. Within MTDs,
internal thrust faults, or coherent blocks may be identified (Gee et al., 2006; Bull et al.,
2009; Gamboa et al., 2011, 2012; Alves, 2015; Hunt et al., 2021). MTDs are bounded
by an irregular (hummocky) top surface (Bull et al., 2009), and a distinct, sharp, and
usually erosive and stepped basal surface (Kumar et al., 2021; Figure 2-14). MTDs
often display a lens-shaped, or sheet-like geometry (Bryn et al., 2005; Berndt et al.,
2012; Puga-Bernabéu et al., 2022).

0 10 20
kilometres

Shelf edge -) _

Figure 2-14: A seismic section demonstrating the upslope portion of the Shelburne MTD on
the Western Scotian Slope, offshore Nova Scotia (Canada). The MTD is highlighted in yellow,
modified from Mosher et al., 2010.
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The basal shear zone (BSZ) is the interval between the base of the overriding mass
flow and the undeformed substrate, and accumulates strain from overriding flows
(Winterwerp et al., 2012; Gross et al., 2018; Cardona et al., 2020; Crutchley et al.,
2021). Its thickness ranges from a few millimetres to several tens of metres thick
(Crutchley et al., 2021). The top boundary of the BSZ forms a discrete and mappable

erosional detachment surface, referred to as the basal shear surface (BSS).

A BSS is rarely planar, and instead, it commonly exhibits a stepped geometry and can
comprise multiple detachment levels (Bull et al., 2009), reflecting flow incision into,
and entrainment of, the substrate. Previous studies suggest that the BSS experiences
maximum shear strain during mass movement, and preserves geomorphological and
kinematic features, including arcuate headwall scarps (Prior et al., 1984; Frey-
Martinez et al., 2005; Li et al., 2017; Figure 2-15), steep lateral margins (Bull et al.,
2009), and basal grooves (Gee et al., 2005, 2006; Eruteya et al., 2020; Kumar et al.,
2021). However, some studies observed that the basal surface can act as a free-slide
interface developed through hydroplaning (Mohrig et al., 1998; De Blasio et al., 2004a;
Acosta et al., 2017), liqguefaction (Ogata et al., 2014; Sultan et al., 2023), or lubrication
mechanism (Sobiesiak et al., 2018). In such conditions, the basal shear surface would

experience minimal mechanical shearing, thus no development of erosive structures.

In the headwall region, the basal shear surface commonly ramps upward and
intersects the seafloor, forming a headwall scarp that marks the upslope limit of the
MTDs (Bull et al., 2009; L 6 H e u et al.u2012). Coalesced arcuate headwall scarps
are up to 5 km across, and some display a sharp seafloor expression with slope dips
in excess of 25° (Scarselli et al., 2020). Headwall scarps typically display arcuate
planform geometries and stepped morphologies (Figure 2-15). These stepped
headwall scarps are usually used as an indicator for retrogressive failures (e.g., Bryn
et al.,, 2005; Kvalstad et al., 2005; Sawyer et al., 2009; Barrett et al., 2021). The
geometry of headwall scarps may record changes in the physical properties of the
substrate, although there needs to be definitive links between unfailed strata and the

landslide to understand prerequisite controls and conditions.
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Figure 2-15: Bathymetric image of Storegga Slide, offshore Norway, demonstrating the
stepped headwall region (from Bryn et al., 2005).

Some seafloor or shallowly buried submarine landslides can exhibit headwall scarps
on the seafloor, such as the Storegga landslide on the Norwegian margin (Haflidason
et al., 2004; Kvalstad et al., 2005; Figure 2-15), and the Sahara Slide on the NW
African continental margin (Embley, 1982; Krastel et al., 2019; Figure 2-16A and
Figure 2-16B). Correlation with cores allows the data resolution to increase from
several metres to tens-of-metres scale in seismic reflection data to cm-scale in cores,
and allows more details of submarine landslide deposits to be revealed, including
lithological analysis (e.g., Gee et al., 1999; Talling et al., 2010, 2012a; L 6 He u ete u X
al., 2012), compositional analysis (e.g., Talling et al., 2007; Miramontes et al., 2018),
dating (e.g., Haflidason et al., 2005), and physical property analysis (e.g., Sawyer and
Hodelka, 2016; Urlaub et al., 2018; Gatter et al., 2021; Wang et al., 2025). For example,
the core photographs from the Sahara Slide demonstrate the presence of small blocks
that are not detectable due to the resolution limit of seismic reflection data (e.g., Krastel
et al., 2019; Figure 2-16C).
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Lower headwall

Figure 2-16: (A) Bathymetric map of the Sahara Slide scar on the NW African continental
margin. (B) Sediment echosounder profile crossing the upper headwall area, demonstrating
three distinct glide planes (GP); the location of the profile is shown in Figure 2-16A. (C) Panel
of cores (Cores 3, 4, 7 and 8) collected beneath the upper headwall. The locations of the cores
are shown in Figure 2-16A. Dark brown sections mark the debrites. The figures are modified
from Krastel et al. (2019).

In some cases, blocks can be identified within the MTDs, that are very large, up to 400
m thick and kilometres in diameter, and referred to as megaclasts (e.g., Jackson, 2011;
Hodgson et al., 2019; Nwoko et al., 2020a; Hunt et al., 2021; Li et al., 2022). Normal
faults and folds can be observed within megaclasts (Figure 2-17), and folds are
typically best developed toward either the frontal or lateral margins of the megaclasts.
Therefore, these internal deformed reflections can identify the kinematic indicators
(Jackson, 2011). Megaclasts can form uneven topography at the top surface of MTDs,
thus influencing subsequent flows and their deposits (Ward et al., 2018; Nwoko et al.,
2020a, 2020b). Such megaclasts have been documented in multiple deep-water
regions such as offshore Brazil (Alves and Cartwright, 2009), offshore New Zealand
(Li et al., 2022), and in the Central North Sea (Soutter et al., 2018).
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Figure 2-17: Time-structure maps illustrating internal geometry (faults and folds) of megaclasts

within a Tertiary mass transport deposit from the Santos Basin, offshore Brazil (modified from
Jackson, 2011). dns TWTéis millisecond two-way travel time.
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2.4 Evolution of carbonate mass flows

Flow-substrate interactions are complicated and highly dynamic processes that
involve variations in flow velocity, volume and composition. Numerous studies have
interpreted the evolution of subaqueous mass flows though observation of deposits
using seismic reflection data and outcrops (e.g., Prior et al., 1984; Masson et al., 1997,
Gee et al., 1999, 2007; Talling et al., 2007; Dakin et al., 2013; Krastel et al., 2019;
Tang et al., 2022; Harishidayat et al., 2024). However, the existing knowledge on the
dynamic processes of subaqueous mass flows remains limited due to the poor
predictability of failure events, their destructive power, and the difficulty in elucidating

their transport mechanisms and rheology from deposits.

Physical experiments and numerical modelling simulation have been utilized to
improve the understanding of submarine mass-flow dynamics. A variety of
computational approaches have been used to investigate flow runout, deposit
morphology, pore pressure evolution, hydroplaning behaviour, and landslide-
generated tsunami (e.g., Imran et al., 2001; De Blasio et al., 2004a, 2004b; Grilli et al.,
2009; Li et al., 2015b; Dong et al., 2017; Yang et al., 2020; Grilli et al., 2019; Zhang
and Randolph, 2019; Omira et al., 2022). Despite these advances, the numerical
modelling of submarine mass flow is limited by scaling constraints and computational
efficiency, which needs to simplify geological models relative to the natural systems,
including particle size, sediment heterogeneity, failure morphology, and failure volume
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(Lgvholt et al., 2005; Grilli et al., 2009; Waythomas et al., 2009; Feng and Owen, 2014,
Smith et al., 2016; Pudasaini and Mergili, 2019; Choi et al., 2024).

Laboratory experiments allow direct observation of dynamic flow evolution, internal
deformation, and flow-substrate interaction under controlled conditions. In low-clay
content carbonate settings, where grain-to-grain interactions and kinetic sieving
dominate, debris-flow behaviour approaches the behaviour of granular flows,
providing a mechanical basis for the comparison with subaerial granular flow
experiments (Savage and Lun, 1988; Gray and Kokelaar, 2010; Johnson et al., 2012;
Kokelaar et al., 2014; Rocha et al., 2019). These physical experiments have been
carried out to advanced our understanding of dynamics process of subaqueous mass

flows with long runout on gentle slopes.
241Experi ment aolf ddtebdiieessdf lgolaar f | ows

Several studies have made analogies between low-clay content debris flows and
granular flows (e.g., Gray and Thornton, 2005; Deboeuf et al., 2006; Elverhgi et al.,
2010; Gray and Kokelaar, 2010; Johnson et al., 2012; Iverson et al., 2010; Iverson,
2012; Kokelaar et al., 2014). Low-clay content debris flows are dominated by grain-to-
grain interactions and kinetic sieving, resulting in grain-supported matrix and inverse
grading comparable to granular or debris-avalanche processes (Savage and Lun,
1988; Iverson and Vallance, 2001). Field and experimental observations suggest that
the subaerial debris flows can segregate into coarse-grained outer levees and fine-
grained inner levee and central deposits (Savage and Lun, 1988; Gray and Thornton,
2005; Kokelaar et al., 2014; Gray and Kokelaar, 2010; Gray et al., 2015), which provide

a confined environment for subsequent flows.

When a mixed granular mass flow composed of particles with contrasting sizes and
densities is subjected to shear under gravity, segregation of the particles over the flow
depth usually occurs (Savage and Lun, 1988). Segregation is a shear-driven grading
process in which coarse particles migrate towards the top of the sheared layer and
fine particles collect on the bottom (Savage and Lun, 1988; Major, 1997; Major and
Iverson, 1999). Grain-size segregation in subaerial debris flows can fundamentally
affect flow dynamics. During transport, large particles are preferentially advected to
the flow front and generate self-confining levees that channelize the subsequent flow
(Iverson et al., 2010; Gray and Kokelaar, 2010; Johnson et al., 2012; Kokelaar et al.,
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2014; Figure 2-18). Such channelisation can restrict lateral spreading of flows and
maintain flow thickness, thereby enhancing flow mobility and promote flow runout

distances.

Figure 2-18: A self-confining subaerial debrite at Val Prada, Switzerland, demonstrating the
coarse-enriched levees and fine-enriched lining (from Gray and Kokelaar, 2010).

Investigations on the mechanics and development of particle segregation are
predominantly driven by subaerial experimental studies (Major, 1997; Major and
Iverson, 1999; Deboeuf et al., 2006; Iverson et al., 2010; Johnson et al., 2012;
Kokelaar et al., 2014; de Haas et al., 2015, 2016; Rocha et al., 2019). Iverson et al.
(2010) carried out multiple large-scale (10 m3) debris flow experiments at the United
States Geological Survey debris-flow flume, systematically varying debris composition
(sand-gravel versus sand-gravel-mud mixtures) and basal boundary conditions
(smooth concrete bed versus artificially roughened beds with 16 mm relief). Across all
experimental subsets, debris flow behaviour follows a dilated, high-friction, coarse-
grained flow front, pushed from behind by nearly liquefied, finer-grained debris. Their
experimental results showed that debris flows on smooth beds travelled ~30% faster
but achieved comparable runout distance to the flows on rough beds. Bed roughness
results in similar flow runout to smooth beds through promoting development of
coarse-grained flow fronts and gravel-rich lateral levees, which channelize flow and

reduce loss of downslope momentum (lverson et al., 2010, 2011).
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A series of studies have been conducted to analyse the dynamic pathway of coarse
particles within the segregating flow head (Gray and Thornton, 2005; Thornton and
Gray, 2008; Gray and Ancey, 2009; Gray and Kokelaar, 2010; Johnson et al., 2012).
Through measuring the surface velocity of granular debris flows in subaerial physical
experiments, Johnson et al. (2012) found that the surface velocity close to the flow
front is almost uniformly 3 m/s, about 1.5 times faster than the propagation speed of
the flow front. Coarse particles segregated towards the top surface, where velocities
are greater than the average, and can result in coarse particles being preferentially
transported to the flow head, eventually leading to a top surface composed entirely of
large particles (Gray and Thornton, 2005; Gray and Kokelaar, 2010; Johnson et al.,
2012). If particles are sufficiently close to the flow axis they reach the flow front, where
they migrate to the base of the flow and are then overpassed and buried by following
material. Mathematical models suggest that once buried, large particles can segregate
upwards again until they reach the coarse-enriched layer covering the flow surface,
allowing them to recirculate within the flow head (Thornton et al., 2006; Thornton and
Gray, 2008; Gray and Ancey, 2009; Gray and Kokelaar, 2010). Based on a three-
dimensional debris-flow velocity field calculation and centre-plane flux calculations,
Johnson et al. (2012) proposed that the debris-flow head being steady in the moving
frame requires the fluxes of both coarse or fine particles entering a region to be
balanced by a corresponding flux of coarse or fine particles leaving the head region.
Their flux analysis suggested that during recirculation, fine particles mostly leave the
head at the base of the central channel, whereas coarse particles are advected away
from the flow centre-plane by the transverse component of the velocity (~0.75 m/s). In
the moving frame, coarse particles therefore follow helical spiral trajectories within the
flow head and move progressively farther toward the flow margins (Johnson et al.,
2012; Figure 2-19). Near the flow margins, particles throughout the depth of the flow
move more slowly than the flow front. When a coarse particle is advected into this
region, it ceases recirculation and is left behind by the advancing flow front, thus
progressively accreting to the levee. Although there was clear evidence for inverse
grading during the flow (Naylor 1980; Thornton and Gray, 2008; Gray and Ancey,
2009), transect sampling by Johnson et al. (2012) revealed that the resulting levee

deposit was strongly graded laterally, with only weak vertical grading.
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Figure 2-19: Cutaway sketch showing the 3D trajectory of a segregating coarse particle within
the debris-flow head. Within the flow head, coarse particles are overridden, then recirculate
within the flow head before being advected laterally to form coarse-enriched levees (from
Johnson et al., 2012). Note the moving frame of reference, where patrticle trajectory is shown
relative to that of the flow front.

Kokelaar et al. (2014) performed subaerial physical experiments revealing that the
dynamic evolution of fine particles plays an important role throughout levee formation
and evolution during segregation. As the flow advanced, fine particles within the head
segregated downward and were emplaced simultaneously with levee construction.
The downward migration of fines contributes to a thin lining formed at the channel
base and along the inner levee margins (Kokelaar et al., 2014; Figure 2-20A). Behind
the flow head, the channel-flow surface lies slightly below the levees crests, and the
inner levee walls are enriched in the fine particles (Kokelaar et al., 2014; Figure 2-20A).
During the waning-stage, the inner levee wall progressively collapses as fines shear
down into the flow, sharpening the lateral levees (Kokelaar et al., 2014; Figure 2-20B).
In the drained channel, further loss of inner levee material produces steeper inner
walls, and a fine-grained lining is exposed within the sediments throughout drainage
(Kokelaar et al., 2014; Figure 2-20C). The segregation process within the flow head
can be classified into a three-layer conceptual model (L1-L3): an upper layer (L1)
enriched in coarse patrticles that advances to the front and constructs the levees, an
intermediate layer (L2) that feeds materials into the flow head, and a basal fine-rich

layer (L3) that ensures that the less-frictional fine-grained component shears across
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itself, thus facilitating flow and enhancing runout (Johnson et al., 2012; Kokelaar et al.,
2014; Gray et al., 2015; Figure 2-20D).

A gradational
boundary

steady
_ shearing flow

oy & < -
coarse-rich fines rich

gradational = - \

coarse-rich

c gradational
boundary

______
s
-

..
~.
.,
o,
.
.~y
...
~~~~~
e
......

heS
.
S
~
o

¢ @
coarse-rich

D

L1 coarse and fine particles will enter
flow head and advect to form levees

4 X A2
‘«.?,‘vai

L2 fine particles will reach flow head
and advect to form receding flow

U > Ufront

——fee- € U = Ufront

! \u < Ufront

L3 fine particles shear downstream
but recede from flow front

Figure 2-20: Schematic transverse cross-sections illustrating the fine-grained linings during
levee sharpening (modified from Kokelaar et al., 2014).

42



242Li mitation of the existing model s

Most studies conceptualise self-confinement as a segregation-driven process, in
which coarse-enriched levees channelise the flow and the fine-enriched lining
lubricates the flow, thereby facilitating long runout distances (lverson et al., 2010; Gray
and Kokelaar, 2010; Johnson et al., 2012; Kokelaar et al., 2014). Such a self-confined
process has been observed in subaerial single flows, including mass flows (i.e., debris
flows and turbidity currents; e.g., lverson, 1997; Mohrig et al., 2005), snow avalanches
(e.g., Jomelli and Bertran, 2001), water-saturated lahars (Procter et al., 2021) and
pyroclastic flows (e.g., Jessop et al., 2012), and have been invoked to substantially
increase the flow run-out distance (Iverson et al., 2010). Existing segregation models
successful capture internal particle reorganisation, levee formation, and segregation-
mobility feedback in single, fixed-bed (without mass exchange), subaerial settings
(e.g., Deboeuf et al., 2006; Iverson et al., 2010; Gray and Kokelaar, 2010; Johnson et
al., 2012; Kokelaar et al., 2014; Rocha et al., 2019).

In natural environments, however, submarine debris flows usually incise the substrate
along the path, bulk up, and thus undergo extreme increases in volume (Talling et al.,
2007; Bottner et al., 2024). Physical experiments conducted by Johnson et al. (2012)
also demonstrate that the segregating subaerial debris flow can entrain coarse
particles (pebbles) on the pathway, which are subsequently migrated upward and join
the recirculation in the flow head. Through substrate incision, submarine debris flows
can build up substantial negative topography on the seafloor and steep lateral margins.
The resulting seafloor morphology strongly influences the pathways and depositional
patterns of subsequent gravity flows (e.g., Bernhardt et al., 2012; Ortiz-Karpf et al.,
2017; Martinez-Dofate et al., 2021), and facilitate the long runout distance of flows
into the deep-water basin. Entrainment of substrate by submarine debris flows is a
critical process, which governs the flow volume, thickness, and momentum (Gee et al.,
1999; Iverson et al., 2010, 2011; Hodgson et al., 2019; Nugraha et al., 2022). How
self-confining flows develop in subaqueous settings, how subsequent flow interact with
evolving depositional structures, and how such dynamic flow-substrate interactions
(substrate incision and flow entrainment) influence self-confinement processes,

remain poorly understood.
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Submarine gravity flows in natural systems usually comprise multiple events (Gee et
al., 1999, 2006; Haflidason et al., 2004, 2005; Bryn et al., 2005; Lamarche and Collot,
2008; Li et al., 2015, 2020). Repeated events incrementally build up topography on
the seafloor, which in turn controls the routing of subsequent gravity flows and the
patterns of deposition and erosion through time (de Haas et al., 2016; Brooks et al.,
2018). Composite submarine debris flows can reach volumes up to thousands of km?
through successive failures that migrated upslope, such as the Saharan debris flows
(Masson et al., 1993; Gee et al., 1999) and the Canary Debris Flow (Masson et al.,
1998, 2002; Tang et al., 2022). The subsequent flows are influenced by the pre-
existing depositional relief and erosional depression generated by earlier events (e.g.,
Gee et al., 2001; Lamarche et al., 2008; Brooks et al., 2018).

In summary, a large number of publications have documented the wide range of scales
and styles of buried and seabed submarine landslides from siliciclastic successions.
However, there remains much to learn about how carbonate sedimentary successions
are pre-conditioned to failure, how dynamic flow-substrate interactions influence the
evolution of confinement and depositional architecture, and how these factors can

control flow runout distance in subagueous environments.
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Chapter 3 Geological framework: Tectonic setting and

stratigraphy

This chapter provides a brief geological framework for the Exmouth Plateau, offshore
NW Australia, synthesizing regional tectonic evolution, and stratigraphy architecture.
Particular emphasis is placed on the middle Miocene to present stratigraphy, as this
interval encompasses the deposition of submarine slope failures analysed in Chapters
4 and 5. In particular Chapter 4 focuses the stratigraphy from middle Miocene to later
Pliocene, and Chapter 5 focuses on the stratigraphy from late Pliocene to seafloor.
Chater 6 utilises subaqueous physical experiments to investigate the evolution
process of subaqueous gravity flow independent of regional geological settings.
Together, these chapters integrate field-based observations and process-based
modelling to provide a comprehensive understanding of subaqueous slope instability

and flow dynamic processes.

3.1 Tectonic Setting

Exmouth Plateau is located in the middle of Northern Carnarvon Basin, offshore NW
Australia, and is about 600 km long and 300-400 km wide at water depths of 800-4000
m (Exon et al., 1992). The Exmouth Plateau is underlain by continental crust and that
was deformed by complex Mesozoic-Cenozoic tectonic events (Audley-Charles et al.,
1988). A series of rifting events associated with progressive break-up of Gondwana
began probably in the late Permian has resulted in stretched lithosphere, and
culminated with the opening of the Ceno-Tethys Ocean when the Argo Block drifted
away from Gondwana (Exon et al., 1992; Longley et al., 2002). This period of
extension also developed a NE-SW trending rift sub-basin, which collectively formed
the Northern Carnarvon Basin, and the Exmouth Plateau in the Late Jurassic to Early
Cretaceous (Stagg and Colwell , 1994; Gartrell, 2000; Direen et al., 2008). In the Late
Jurassic, the north Northern Carnarvon Basin was further stretched, resulting in
seafloor spreading and opening of Argo Abyssal Plain (Direen et al., 2008; Gibbons et
al., 2012), followed by Valanginian regional thermal subsidence. The final breakup
between Greater India and Australia lead to seafloor spreading and formation of
Gascoyne-Cuvier Abyssal Plain (Driscoll and Karner, 1998). The continental crust of
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the Exmouth Plateau is bounded by Argo, Gascoyne, and Cuvier abyssal plains of
oceanic crust (Gibbons et al., 2012).

The plateau subsided to present-day water depths, with clastic sedimentation in the
Late Cretaceous, and carbonate sedimentation throughout the Cenozoic (Exon et al.,
1992). The present day margins of the Exmouth Plateau have an average dip of < 2°
(Scarselli et al., 2013, 2020), forming a low-gradient slope system. Despite the gentle
slope, a series of headwall and lateral scarps, which locally coalesce, formed by
submarine landslides of late Miocene to Recent deposits are present on the flanks of
Exmouth Plateau Arch (Wu et al., 2021; Figure 3-1).
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Figure 3-1: Geological map, demonstrating (A) the location of Exmouth plateau, and (B) the
distribution of carbonate landslides within the study area (modified from Wu et al., 2023).
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3.2 Stratigraphy

The Exmouth plateau is covered by up to ~15-20 km of Paleozoic to Cenozoic
sedimentary successions (von Rad et al., 1992). Four megasequences have been
identified in the Central Exmouth Plateau: (1) Early-Late Triassic Pre-extension; (2)
Latest Triassic-earliest Late Jurassic syn-extension; (3) Late Jurassic-Early
Cretaceous post-extension; and (4) Early Cretaceous-recent passive margin strata
(Bilal and McClay, 2022). Nugraha et al. (2019) summarise the Early Cretaceous-
recent passive margin stratigraphy of the Exmouth Plateau as: (a) from the Late
Cretaceous to Late Miocene dominated by bottom current deposits and associated
erosional features; and (b) since the late Miocene dominated by the emplacement of
MTCs. They ascribe the former as being linked the opening of an ocean gateway along
the southern margin of the continent, and the latter to closing of an ocean gateway

along the northern margin of the continent.

The interval of interest in this thesis corresponds to the uppermost passive margin
succession, particularly the middle Miocene to Recent deposits (Unit I). This interval
can be subdivided into 3 subunits: (i) subunit IA (0-61.4 mbsf): Quaternary-late
Pliocene foraminifer nannofossil ooze with 79-86% carbonate and <10% terrigenous
material, (ii) Subunit IB (61.4-118.4 mbsf): late Pliocene to Middle Miocene foraminifer-
and nannofossils-rich ooze containing up to 90% carbonate, (iii) Subunit IC (118.4-
181.5 mbsf): late Eocene-early Oligocene to Middle Miocene carbonate-rich interval
with a higher proportion of planktonic foraminifer and <10% of non-carbonate minerals
(Haq et al., 1990; Figure 3-2A).
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Figure 3-2: (A) A geological framework, showing the correlation of sedimentary units, lithology,
biostratigraphy, wireline log picks, and seismic sequences on Exmouth Plateau at Well ODP
Site 762 (modified from Haqg et al., 1990). (B) A N-S seismic profile crossing well ODP 762
and Well Eendracht 1 that demonstrate regional seismic-stratigraphy units. The seismic
section in Figure 3-2B is a single-channel water-gun record acquired from recorded aboard
the JOIDES Resolution (from Haq et al., 1990). Location of the section in Figure 3-2B is shown
in Figure 3-1.

An unconformity was found in Subunit IC with no deposits of late Early Miocene age
(Haq et al., 1990; Figure 3-2A). The late Miocene to Recent sediments in the last
passive margin phase are dominated by hemipelagic and pelagic carbonate
sedimentation, which are poorly consolidated, weak calcareous ooze with a
sedimentation rate as low as only 20 m/Ma (von Rad et al., 1992). A regional climatic
transition occurred since the middle Miocene (~15 Ma), and altered sediment supply
to the Exmouth Plateau (Bowler, 1976; Johnson, 2009; Martin, 2006). During this time,

progressive aridification of Western Australia enhanced continental weathering and
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promoted increased aeolian transport of fine-grained material into adjacent offshore
marine basins (e.g., Northern Carnarvon Basin; Grousset et al., 1992; Rea, 1994; Le
Houedec et al., 2012). This climatic transition resulted in strong dust input on the
background pelagic carbonate oozes in the Exmouth Plateau from 15 Ma onward (Le
Houedec et al., 2012).

At least ten regionally correlated seismic sequences are present across the Exmouth
Plateau through the seismic-well calibration (Figure 3-2B; Haq et al., 1990). The
uppermost sequence (Sequence 10), spanning the Middle Miocene to Recent, is the
focus of this thesis. It is characterised by lateral continuous, high-frequency reflections
corresponding to hemipelagic and pelagic carbonate ooze (Unit I; Figure 3-2; Haq et
al., 1990), locally disrupted by mass-transport deposits and erosional surface. Its
irregular seafloor expression with 100 ms relief indicates the presence of recent
submarine landslides (Figure 3-2B; Hagq et al., 1990).
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Chapter 4 Learning from crushing failures: Changes in
physical properties reveal the mechanics of submarine

carbonate landslides

4.1 Summary

Calcareous ooze represents the most widespread seafloor sediments in the global
ocean, and its elevated water content and high compressibility can lead to the
formation of weak layers, thereby increasing slope instability and submarine landslide
risk. However, understanding of submarine landslide processes and evolution is
hindered by the lack of knowledge of changes in the physical properties of sediments
during failure. This issue is considered here by documenting failed and unfailed
physical properties of a weak layer by integrating two ODP cores with three-
dimensional seismic reflection data from the Exmouth Plateau, offshore northwest
Australia. The basal shear zone of two big submarine carbonate landslides was
mapped into adjacent undisturbed sediments where it is characterised by elevated
water content and porosity, and recognised as a weak layer. The weak layer coincides
with a foraminifera-rich succession capped by a clay-enriched zone. Results suggest
that the formation of the weak layer is related to enhanced clay fraction transport into
the deep-water basin, due to onshore weathering, forming a low-permeability zone
above the water-rich foraminifera-abundant succession. This elevated-clay fraction
|l eads to fiexcesso wat er bered foraminifena shelis,thuse d wi t
causing a weak layer. When the weak layer acts as the basal shear zone it shows,
post-landsliding, markedly lower water content, porosity, and foraminifera content.
Contractive shearing accounts for these changes in physical properties (dramatic loss
in water content, porosity and foraminifera) during failure, through compacting the
weak layer, crushing foraminifera, and squeezing water out. Water could not escape
to the seafloor, causing elevated pore pressure above the weak layer, and
mechanically generating a water-rich layer (or water film) that lubricated the base of
the overriding landslide. Thus, the physical properties of calcareous ooze, including
the percentage of foraminifera and the presence of weak layers, need to be considered

in future studies to improve submarine slope stability assessments.
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4.2 Introduction

Globally, submarine landslides have been identified on extremely low angle slopes
(<2A) and can cover areas up to several t hoi
et al., 2012; Miramontes et al., 2018; Urlaub et al., 2018; Sultan et al., 2023; Wu et al.,
2023). The detachment of submarine landslides on one or multiple basal glide planes
is thought to be controlled by the presence of weak layers. These weak layers are
characterised by | ow shear strength (LOHeur
Lidmann et al., 2022; Gales et al., 2023; Sultan et al., 2023), which serve as a
preconditioning factor for failures even in low gradient environments (Gatter et al.,
2021; Wu et al., 2023; Sultan et al., 2023; Wang et al., 2025). Most studies focus on
siliciclastic landslides, despite calcareous sediments representing the most
widespread deep-sea lithology in the global ocean (Dutkiewicz et al., 2015, 2020).
Furthermore, the physical properties of calcareous sediments (i.e., high
compressibility and high water content) might lead to the laterally extensive
development of weak layers. For example, geotechnical observations suggest that as
little as 0.47 wt% of foraminifera can result in pronounced changes to the porosity of
carbonate-rich successions (Sawyer and Hodelka, 2016). Consolidation test results
show that calcareous oozes at shallow burial depths (~200 metres below seafloor
(mbsf)) are usually underconsolidated to normally consolidated, whereas siliceous
sediments are overconsolidated (Rack et al., 1993). This indicates calcareous oozes
have higher compressibility and are more sensitive to overburden pressure, and more
easily form weak layers (e.g., Wu et al., 2023). Compared to clay-rich sediments,
calcareous ooze substrates have lower electrochemical forces and often show lower
shear strength for a given sediment depth (White et al., 2016; Hussein et al., 2024).
These characteristics suggest that calcareous successions could be preferentially
susceptible to failure, but the mechanistic processes are poorly constrained. This work
investigates how the physical properties of calcareous weak layers 8 such as porosity,
water content, permeability, and fossil abundance & change during failure, utilising
ODP wells from the offshore NW Australia, which enable weak layer horizons to be

traced from undeformed sediments into carbonate landslides.

Examining how the physical properties of weak layers evolve during landsliding

enables the process dynamics and evolution of submarine landslides to be assessed.
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The specific aims of this work are thus to: (i) document the physical properties of the
unfailed stratigraphy recognised adjacent to the landslides through seismic-well ties;
(i) explore the physical properties of the same key stratigraphic units and surfaces
after failure; (iii) discuss the processes accounting for changes in physical properties
of key horizons (i.e., weak layers) before and after failure; and (iv) propose a new
mechanistic model that captures the process interactions of carbonate landslide

evolution.

4.3 Geological Setting

A series of headwall and lateral scarps of submarine landslides, which locally coalesce,
are observed on the seafloor or shallowly buried on the flanks of the Exmouth Plateau
of the Northern Carnarvon Basin, offshore NW Australia (Figure 4-1; Scarselli et al.,
2013, 2019). The Exmouth Plateau is about 600 km long and 300-400 km wide with
water depths of 800-4000 m (Exon et al., 1992). It formed from Gondwana breakup
occurring in the Late Jurassic to Early Cretaceous (Stagg and Colwell , 1994). During
the Late Cretaceous, the plateau subsided to present-day water depths, and
accumulated carbonate-dominated hemipelagic sediments throughout the Cenozoic
(Haq et al., 1990). From the Early Cenozoic, the Exmouth Plateau area has been
tectonically active, driven by Indonesian- Australian Plate Collision, resulting in fault
reactivation and broad folding, which elevated the Exmouth Plateau during the
Miocene (Boyd et al., 1993).

53



Elevation
Imetres
1000

54



Figure 4-1: (A) The distribution of studied submarine carbonate landslides offshore NW
Australia. Landslides are shown by black outlines. The yellow circles with cross lines represent
the location of ODP wells (Sites 762 and 763). The study area is shown by a white box; yellow
polygons show coverage of three-dimensional seismic reflection datasets. Seafloor landslides
are shown with white shading, shallowly buried (~ 30 mbsf) landslides are shown in light grey,
and deeper buried (~120 mbsf) landslides are in dark grey. Submarine landslide locations are
from Scarselli et al. (2013, 2019) and Wu et al. (2023). The base map is open access from
SRTM15, acquired by Generic Mapping Tools 6 (Tozer et al., 2019; Wessel et al., 2019). (B)
The seafloor of the Bonaventure 3D and Thebe 3D areas showing the distribution of landslides.
The dashed lines with different colours indicate the boundaries of Slide 5 to Slide 13. The
white thick arrows indicate the movement direction of Slide 8. The yellow circle shows the
location of ODP Site 762. The white solid lines indicate the positions of 2D seismic sections
in Figure 4-3 and Figure 4-4.

The stratigraphic interval of interest mainly comprises pelagic calcareous oozes
having accumulated at a sedimentation rate as low as 20 m/Myr (Exon et al., 1992;
von Rad et al.,, 1992). ODP Site 762 core sample analysis suggests that this
stratigraphy comprises light green-grey foraminifer nannofossil ooze from late
Pliocene to Quaternary (0-61.4 mbsf), light grey nannofossil ooze with foraminifer from
late Middle Miocene to late Pliocene (61.4-118.4 mbsf), and white, pale yellow and
light grey foraminifer nannofossil ooze from late Eocene-early Oligocene to Middle
Miocene (118.4-181.5 mbsf; Haq et al., 1990). An unconformity at 132-135 mbsf, was
identified with no late Early Miocene age deposits (Haq et al., 1990). The ODP Site
762 analysed in the study is the same well used in Wu et al. (2023), which focuses on
a slide, located 200 km from the well (Slide 1 of Wu et al., 2023; Figure 4-1). | focus
on landslides more closely adjacent to the well (<2 km), allowing more confident
utilisation of material in the well for detailed analysis of the physical properties of the

sediments before and after failure.

4.4 Data and Methodology

Three-dimensional (3D) and two-dimensional (2D) seismic reflection data acquired by
Geoscience Australia (https://www.nopims.gov.au), and two wells from the Ocean
Drilling Program (ODP) are integrated. The 3D seismic reflection data, including
Bonaventure 3D, Thebe 3D and Agrippina 3D, are acquired in water depths from 850
m to 1600 m, and image 10 submarine landslides within the late Miocene to recent
stratigraphy of the Exmouth Plateau (Figure 4-1A). Bonaventure 3D dataset is 4132
km?2, has a dominant seismic frequency of 30-60 Hz, and a vertical seismic resolution
of around 6~13 m, with a near seafloor (~180 mbsf) velocity of 1520-1600 m/s. Thebe
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3D dataset covers 1198 km?, and its dominant seismic frequency is 40-80 Hz with a
vertical seismic resolution of 5~10 m for shallow intervals. Agrippina 3D is 1867 km?,
has a dominant seismic frequency of 27-56 Hz, and a vertical resolution of 7-15 m for
shallow intervals. The Leopard 2D seismic reflection dataset connects the
Bonaventure 3D and Agrippina 3D seismic reflection data, with a near seafloor velocity
of 1520-1600 m/s, dominant seismic frequency of 30-60 Hz, and vertical resolution of
6-13 m.

Two ODP wells (i.e., ODP Sites 762 and 763) from Leg 122 provide calibration of the
physical properties of the stratigraphy that hosts the landslides. ODP Site 762
intersects an undisturbed succession within the Bonaventure 3D adjacent to several
submarine landslides (Figure 4-1), preserving the pre-slide physical properties of the
stratigraphy. ODP Site 763 is in a landslide-disturbed area within Agrippina 3D (Figure
4-1A), recording the post-slide physical properties from remobilised sediments. Thus,
the physical properties of sediments before and after failure can be revealed from ODP
Sites 762 and 763 core and well logs. The physical property data used in the study
include velocity (Vph), water content, porosity, bulk density, and shear strength,
provided by the ODP Leg 122 initial report (Haq et al., 1990). Vph is horizontal velocity
(perpendicular to the core axis) and is calculated from the determination of the travel
time for a 500-kHz compressional wave through a measured thickness of sediment
sample by Hamilton Frame measurements and Tektronix DC 5010 counter/timer
system (Haq et al., 1990). The sediment properties (water content, porosity, and bulk
density) were measured using the same material and location as the samples for
velocity measurements (Haq et al., 1990). Weight and volume of the samples were
measured wet, and remeasured after the samples were freeze-fried for 12 hours. The
measured physical properties of sediments are defined as follows: (1) water content
(%) = 100 x weight of seawater/weight of wet sediment; (2) porosity (%) = 100 x
volume of seawater/volume of wet sediment; (3) bulk density (g/cm?3) = weight of wet
sediment/volume of wet sediment (Haq et al., 1990). Shear strength is determined
from the interval adjacent to the velocity measurement sample using a motorised vane
apparatus with four 1.28x1.28-cm blades (Haq et al.,, 1990). The sediment
composition was constrained from the smear slides, and sedimentation rates were
estimated from biostratigraphic ages using ODP Site 762 core samples (Haqg et al.,
1990). Neodymium isotopic ratios of detrital sediments from ODP Site 762, were
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measured on a Neptune MC-ICP-MS (Le Houedec et al., 2012), and are expressed in
Chadetrital — as:  Chadetrital=[(*43Nd/*44Ndsample)/(*43Nd/*4*NdcHur)-1]-10000  with
143N d/***NdcHur = 0.512638. CHUR is the chondritic uniform reservoir, a theoretical
reference composition representing the average, undifferentiated material of the solar
system, and usually used in isotope geochemistry as a baseline for comparing
radiogenic isotope ratios in planetary materials.

The geomorphology and distribution of carbonate landslides in the seismic reflection
data are mapped and interpreted by using Petrel® software from Schlumberger.
Seismic-well tie allows the well logs from ODP Sites 762 and 763 to be utilised to
identify the core expression in the seismic reflection data, to build a regional seismic
stratigraphic framework, and to provide relative age constraints for carbonate
landslides. To correlate the core and seismic reflection data, depths were converted
to seismic two-way travel times using time-depth conversion based on the P-wave
velocities from ODP Sites 762 and 763 (Figure 4-2). The resulting time-depth
relationship was calibrated using two marker horizons (seabed and middle Miocene
unconformity). The depths of these marker horizons were reported in the ODP Site
762 and 763 reports (Haqg et al., 1990), and their TWTs were picked from the seismic
section based on their geological features (Figure 4-2 and Figure 4-3). Given the
difference in resolution between seismic reflection data and well logs, each reflector
in the seismic reflection data corresponds to a stratigraphic interval of approximately
7 metres thickness in the ODP well logs. The Chadetrital-depth curve at ODP Site 762
shows the variation of Nd isotopes in different intervals, and the abundance of
Chadetrital can be used to infer stratigraphic trends in the nature and delivery of detrital

sediments (Le Houedec et al., 2012).
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Figure 4-2: Seismic-well tie and stratigraphic calibration at ODP Site 762. (A) Seismic section
crossing ODP Site 762, showing the interpreted key horizons, including RO, L1, R1 and R3.
RO is the unconformity, L1 corresponds to the basal water-rich layer, R1 is the horizon
corresponding to the lowest basal shear surface of Slide 8), R3 is the horizon corresponding
to the top surface of Slide 8. (B) Depth-TWT calibration together with the core-measured
depth-velocity profile. The Vph is velocity profile data used for depth-time calibration. (C)
Lithostratigraphic units, (D) lithology, (E) age, (F) physical properties (water content, shear
strength, water content and bulk density) and (G) sediment components are shown alongside
the time-depth conversion. Note, depth-TWT calibration was established using a checkshot
constructed from core-measure-velocity and the corresponding depth. Resulting TWT was
constrained by two marker horizons: the seabed and the unconformity. The depths of the
marker horizons are from Haq et al. (1990). The TWTs of these marker horizons are picked
from the seismic profile, with the RO unconformity identified primarily by reflector truncation
beneath the surface (see Figure 4-3A for more details). The seismic section in the first panel
is from Figure 4-3A. The depth-velocity data, lithostratigraphic units, lithology, age, physical
properties and sediment components are from Haq et al. (1990). TWT = Two-way travel time.
T-D calibration = Time-depth calibration.

4.5 Results

451 Seigemomor phof oglye study area

Ten submarine landslides are identified in the study area (Figure 4-1A), on a very
gentle (<2°) NW-facing slope (Scarselli et al., 2013). Nine submarine landslides are
present in the Bonaventure 3D and Thebe 3D seismic reflection datasets (Figure 4-1B),
referred to as Slides 5 to 13 by Wu et al. (2023). An additional submarine landslide in
the Agrippina 3D seismic reflection data | refer to as Slide 14 (Figure 4-1A). These ten
submarine landslides can be classified into two groups based on their depth of burial.
The more deeply buried group (=120 mbsf), comprising Slide 8 and Slide 14, is >40
km long and the focus of this study (Figure 4-3 and Figure 4-4). The other shallow
group comprises submarine landslides that are either more shallowly buried (~30 mbsf;
Slides 9-13; Figure 4-3), or that show seafloor expression (Slides 5 and 6).

59



£ Two steps on the lateral 4
margin of Slide 8

»V e
[Truncationsfmen. —~ %’f{‘
= AN s
-1700 The intersection with line on Fig. 4-4A
TWT/ms B E - w

ODP 763

by ——
Slide 14 incised an
underlying landslide.

-2000- ==, : T L1 ] OO

Some block-s

preserved in MTDs [ — N —— M‘

= \Q-—-\—-_
> < \-0 1 2km
— I el

-2100

Figure 4-3: (A) A NE-SW trending seismic section from Bonaventure 3D, showing the
distribution of Slides 8 and 12, and seismic-well tie between ODP site 762 and Bonaventure
3D seismic reflection data. The top surface (TS) and basal shear surface (BSS) of Slide 8 are
labelled by green and yellow dashed lines, respectively. Seven key horizons (R0-R3, and L1-
L3) are recognised at ODP Site 762. R0O-R3 are directly related to the unconformity or
geomorphology of Slide 8 and are marked as black dashed lines. L1-L3 are recognised by
intervals with high water content (Figure 4-5A) and marked as white dashed lines. Red half-
side arrows in the zoom-in figure indicate the location of truncations. (B) An E-W trending
seismic section from Agrippina 3D, showing the distribution of Slide 14 and a landslide cut by
Slide 14 in the east, and the seismic-well tie between ODP Site 763 and Agrippina 3D seismic
reflection data. The vertical thin line in the middle of the figure shows the intersection with the
line in Figure 4-4A. The top surface and basal shear surface of Slide 14 are labelled by green
and yellow dashed lines, respectively. Four key horizons are recognised at ODP Site 763, RO,
R1 and R3 correspond to the unconformity surface, basal shear surface and the top surface
of Slide 14, and are labelled by black dashed lines. L1 is labelled by a white dashed line. The
locations of the seismic sections in Figure 4-3A and Figure 4-3B are shown in Figure 4-1.

Slide 8 is >50 km wide, >40 km long and ~85 m thick, buried at 35-120 mbsf, with its
headwall in the SE. It extends beyond the seismic reflection data to the NW. In terms
of seismic facies and boundaries, Slide 8 is characterised by high to medium amplitude,
discontinuous reflectors, and is bounded by high amplitude reflectors (top surface and
basal shear surface; Figure 4-3A). Slide 8 becomes increasingly inset within the
stratigraphy through downcutting, with two steps in the SW, forming a staircase-like

basal surface at the lateral margins (Figure 4-3A). The steps form at the same
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stratigraphic level on the lateral margins and are 10s km wide (parallel to the local
margin) and kilometres long (Figure 4-1B, Figure 4-3A and Figure 4-4B).

Figure 4-4: (A) The Leopard 2D seismic reflection line connecting the Bonaventure 3D and
the Agrippina 3D seismic reflection datasets, showing part of Slide 14 and Slide 8. (B) A N-S
trending seismic section from Bonaventure 3D, showing the lateral margin and part of the axis
of Slide 8. The vertical black lines with labels in Figure 4-4A and Figure 4-4B indicate the
intersection with other lines. The vertical red line on the right side of Figure 4-4B without a
label indicates an ~90 change in the orientation of the section. The top surface (TS) and basal
shear surface (BSS) of Slides 8 and 14 are labelled by green and yellow dashed lines,
respectively. The locations of the sections in Figure 4-4 are shown in Figure 4-1.

Slide 14 is located 50 km to the SSW of Slide 8 and is ~15 km wide in its toe region
and >40 km long, with its headwall region beyond the seismic reflection data in the SE
and buried at 40-130 mbsf (Figure 4-1A and Figure 4-3B). Slide 14 is characterised
by transparent, low frequency, low amplitude, and discontinuous reflectors, comprising
some local blocky-shapes, parallel to sub-parallel, medium amplitude, and continuous
reflectors (Figure 4-3B). The basal shear surface and top surface of Slide 14 are

characterised by high-medium amplitude, continuous surfaces (Figure 4-3B). Slide 14
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